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ABSTRACT
P y r id in e - c o n ta i n in g  he terophanes ,  which posse ss  a r i g i d  non- 
f l e x i b l e  framework, s i m i l a r  to  t h a t  o f  porphyr in  backbones,  a re  
idea l  s t r u c t u r e s  t o  probe th e  e l e c t r o n i c  and /o r  s t e r i c  e f f e c t s  
w i th in  a h igh ly  e l e c t r o n - r i c h  c a v i t y .  The syn theses  o f  h e t e r o ­
macrocycles in c o rp o ra t in g  th e  2 , 6 - p y r id in o  moiety a r e  d e s c r ib e d .
2 - B ro m o -6 - l i th io p y r id in e ,  gene ra ted  from 2 ,6 -d ib rom opyr id ine  
and n - b u t y l l i t h i u m ,  was used to  s y n th e s iz e  2 , 6 - b j s [ 2 ' - ( 6 ' -bromo- 
p i c o l i n o y l ) ] p y r i d i n e  and b /s -2 - (6 -b ro m o p y r id y l Jk e to n e  in 36% and 
63% y i e l d ,  r e s p e c t i v e l y .  K e t a l i z a t i o n  o f  th e s e  ke tones was 
accomplished by e i t h e r  s tandard  a c i d i c  or  ba s ic  c o n d i t i o n s .
To model a n u c l e o p h i l i c  s u b s t i t u t i o n  r o u te  f o r  c y c l i z a t i o n  o f  
th e  r e s u l t i n g  k e t a l s ,  1 i t h i o a c e t o n i t r i l e s  were al lowed to  r e a c t  
with bromopyridines to  produce symmetrical and unsymmetrical 
cyanomethine adducts  in more than 47% y i e l d .  Reac tion o f  2 , 6 - b is -  
[ 2 ' - ( 6 ' - b r o m o p y r i d y l ) - l , 3 - d i o x o l a n - 2 - y l ] p y r i d i n e  o r  2 , 2 - b 7 S - 2 ' - ( 6 ' -  
b ro m o p y r id y l ) - l , 3 -d io x o la n e  with  l i t h i o a c e t o n i t r i l e  a f fo rded  
[ l n ] (2 ,6 )p y r id in o p h a n e s  (n=3 ,4) ,  in which th e  p y r id i n e  r i n g s  were 
coupled with  ke ta l  and cyanomethine f u n c t i o n a l i t i e s .  At 80*C, 
cyc locondensa t ion  v ia  n u c l e o p h i l i c  s u b s t i t u t i o n  f av o r s  macrocycle 
format ion  because th e  in t e rm e d ia te s  a r e  he ld  in th e  d e s i r e d  syn- 
conformat ion  by a metal ion tem pla te  e f f e c t .
The ke ta l  and n i t r i l e  groups o f  th e  i n i t i a l l y  gene ra ted  
macrocycles were hydrolyzed under a c i d i c  c o n d i t i o n s .  H ydro lys is  o f
xiv
t h e  n i t r i l e  was accompanied by d eca rboxy la t ion  to  produce 
methy len ic  in t e rm e d i a te s  (143 and 152), which were ox id ized  with 
Se02 t o  a f f o r d  th e  d e s i r e d  t r i k e t o n e  115 and t e t r a k e t o n e  125, 
r e s p e c t i v e l y .  A l t e r n a t i v e l y ,  o x id a t io n  o f  the  a , / J -u n sa tu ra te d  
n i t r i l e  tau tomers  with  m-ch loroperbenzo ic ac id  to  a keto group; 
fo l lowed  by d e k e t a l i z a t i o n  under a c i d i c  c o n d i t io n s  a f fo rded  the  
same ke tones .
2
T r ike tone  115 and t e t r a k e t o n e  125 co n ta in  only sp carbon 
atoms and should be e s s e n t i a l l y  p la n a r ;  however, due predominantly 
t o  /V,/V-electron r e p u l s i o n s  w i th in  the  con f ine s  o f  th e  c a v i t y ,  
de format ions  from p l a n a r i t y  were observed .  The d ihed ra l  ang les  of  
p y r id i n e s  in t r i k e t o n e  115 are  35 .4 ,  41 .4 ,  and 46 .5 ° ,  r e s p e c t i v e l y .
W i t t ig  r e a c t i o n s  and the  Knoevenagel condensa t ions  on the  
b r idg ing  carbonyl groups in t r i k e t o n e  115 were u n s u cces s fu l ,  but 
f a c i l e  monohemiketa l i za t ion  o f  115 was observed.  X-ray a n a l y s i s  of  
a C u(I I )  complex i s o l a t e d  from ethanol  confirmed the  presence  o f  a 
hemiethyl  ke ta l  (178).  Upon exposure to  a i r ,  p r e c u r s o r  143 of  
t r i k e t o n e  115 underwent o x id i z a t i o n  t o  a f fo rd  d im er ic  [1 ^ 3 (2 ,6 )-  
pyr id inophane ,  which was subsequently  dehydrogenated with  e i t h e r  
999DDQ o r  a i r .  X-ray d a t a  o f  th e s e  dimers conf irm the  
j u x t a p o s i t i o n  o f  th e  two e l e c t r o n - r i c h  c o re s .
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I .  A r t i f i c i a l  Enzymes
1-1 .  I n t r o d u c t io n
Since  WOhler d i scovered  h i s  famous convers ion  o f  ammonium 
cyana te  i n t o  urea  in 1828, m i l l i o n s  o f  o rgan ic  molecules  have been 
s y n th e s i z e d .  Of t h e s e  t h e r e  a r e  b a s i c a l l y  two g e n e r a l  t y p e s :  
n a t u r a l l y - o c c u r r i n g  compounds c a l l e d  n a tu ra l  p ro d u c t s ,  and a l l  the  
r e s t  which do not  e x i s t  in n a t u re .  The former a r e  provided  by the  
e v o l u t i o n a r y  chemistry* o f  n a t u r e ;  whereas,  th e  s y n t h e t i c  t a r g e t s  
f o r  t h e  l a t t e r  a re  des igned  by th e  r e s e a r c h e r .  The s e l e c t i o n  o f  an 
a p p r o p r i a t e  t a r g e t  i s  however guided by numerous o b j e c t i v e s ,  such 
as f i n a n c i a l ,  s y n t h e t i c  c h a l l a n g e s ,  t o  t e s t  i t s  phys ica l  paramete rs  
o r  f o r  shee r  fun.
The s tudy o f  enzymes has occupied a c e n t r a l  p l a c e  in the 
p h y s ic a l  b i o l o g i c a l  s c ien c es  f o r  many y e a r s ,  and th e  c a t a l y t i c  
prowess o f  th e s e  n a t u r a l l y - o c c u r r i n g  subs tances  has long f a s c i n a t e d  
c h e m is t s .  S u b s t r a t e  b inding  t o  an enzyme o r  r e c e p t o r ,  assembling 
o f  p r o t e i n  complexes, in t e r m o l e c u la r  read ing  o f  g e n e t i c  codes,  
s ig n a l  in duc t ion  by n e u r o t r a n s m i t t e r s ,  and c e l l u l a r  r e c o g n i t i o n  are  
bu t  a few importan t  c h a r a c t e r i s t i c s  o f  enzymes. E i t h e r  s u b s t r a t e /  
enzyme o r  i n h i b i t o r / r e c e p t o r  complexation can be a key f e a t u r e  in 
c a t a l y s i s  and r e g u l a t i o n  o f  b i o l o g ic a l  p ro c e s s e s .  Cooperat ion  
between c a t a l y z i n g  fu n c t io n a l  groups in  enzymes i s  p o s s i b l e  only  i f  
th o s e  s i t e s  a re  he ld  in p o s i t i o n s  t h a t  converge on a s u b s t r a t e -
b in d ing  lo c u s ,  u s u a l l y  lo c a te d  in  a c a v i t y .  Thus, th e  d e s ig n ,
s y n t h e s i s ,  and s tudy  o f  c a v i t y - c o n t a i n i n g  o rg an ic  molecu les a re  the
2
p r i n c i p a l  themes in what i s  termed h o s t - g u e s t  o r  ( " r e c e p t o r -  
3
s u b s t r a t e " )  chem is t ry .
Many i n v e s t i g a t o r s  have long dreamed o f  commercial ly  a v a i l a b l e
s y n t h e t i c  c a t a l y s t s  t h a t  would i m i t a t e  th e  d e s i r a b l e  p r o p e r t i e s  of
enzymes. Only w i th in  the  l a s t  decade,  however, have s e r io u s
a t tem p ts  been made t o  mimic in vivo enzymatic a c t i o n  by means o f
simple s y n t h e t i c  models . Foremost amongst th e s e  models a r e  the
4
chem ica l ly  modif ied  c y c l o d e x t r i n s ,  which c o n t a in  r i g i d  c a v i t i e s  
d e r iv e d  from th e  c y c l i c  o l igomers  o f  1 ,4 -g lu co p y ran o s id e .  The i r  
r i g i d ,  to ru s - s h a p e d  c a v i t i e s ,  which a re  de r iv e d  from e i t h e r  s ix  
( c r - c y c l o d e x t r i n ) , seven ( /3 -cyc lodex t r in ) ,  o r  e i g h t  (7 - c y c l o d e x t r i n )  
s a c c a r i d e s  ( s e e  F ig .  1 ) ,  a r e  l a r g e  enough t o  embrace even an 
a ry l  moiety .  Among the  i n t e r e s t i n g  enzyme modeling r e a c t i o n s ,  
c y c l o d e x t r i n  g lycosy l  t r a n s f e r a s e s ,  a type o f  amylose,  can de tach  a 
t u r n  from th e  s t a r c h  h e l i x  and l i n k  th e  two ends o f  t h i s  fragment
5
t o  g ive  a c y c l i c  molecu le .  These c y c l o d e x t r i n s  a l s o  have
JDH
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Fig .  1. &-Cyc lodex t r in
d i s a d v a n t a g e s ;6 in t h a t  they  a re  b io degradab le  and only  a l i m i t e d  
a r r a y  o f  c a v i t y  s i z e s  can be i s o l a t e d  from s t a r c h  f e rm e n ta t io n  by 
B a c i l l u s  macerans.
There fo re  o f  g r e a t  i n t e r e s t  t o  th e  chemis t  i s  t h e  t o t a l  
s y n t h e s i s  o f  many molecu les ,  which possess  s t r u c t u r e s  s i m i l a r  to  
t h e  c y c l o d e x t r i n s  bu t  a r e  amenable to  g r e a t e r  s t r u c t u r a l  v a r i a t i o n  
and c o n t r o l .  Other im por tan t  c a v i t i e s  in  the  b io l o g i c a l  world 
in c lu d e  t h e  b inding  s i t e s  o f  enzymes and th e  t roughs  in RNA and DNA 
h e l i c e s ;  however, p ro g re s s  in d u p l i c a t i n g  th e  r e a c t i v i t y  o f  th e s e  
h ig h ly  s t e r e o s p e c i f i c  c a t a l y s t s  has been i n i t i a t e d  but  s t i l l  r a t h e r  
l i m i t e d .
1-2.  The Host-Guest  Chemistry
Highly s t r u c t u r e d  molecula r  complexes are  composed o f  a t  
l e a s t  one hos t  molecule and one g ues t  molecu le ,  each p o sse ss in g  a 
complementary s t e r e o e l e c t r o n i c  arrangement o f  b inding  s i t e s  and 
s t e r i c  b a r r i e r s .  Host s ,  t h e  s y n t h e t i c  c o u n t e r p a r t s  o f  b io l o g i c a l  
r e c e p t o r s ,  a re  co n v e n ie n t ly  de f ined  as o rgan ic  compounds c o n ta in in g  
conve rge n t ly  a r ranged b inding  s i t e s .  Molecular  h o s t s  a r e  u s u a l l y  
l a r g e r  than  t h e i r  g u e s t s  s i n c e  p o s i t i o n in g  o f  convergent  binding 
l o c i  invo lves  a suppor t  framework not  r e q u i r e d  f o r  g u e s t s .  Guests ,  
t h e  s y n t h e t i c  c o u n t e r p a r t s  o f  s u b s t r a t e s ,  possess  d iv e r g e n t l y  
a r ranged  b ind ing  s i t e s  and may be e i t h e r  n e u t r a l  o r  io n i c  
( i n ) o r g a n i c s ,  o r  metal ions .
H ost -gues t  complexes a re  formed when th e  molecu la r  shapes and 
b ind ing  s i t e s  o f  t h e  h o s t ( s )  and g u e s t  a r e  complementary.  A 
complex i s  composed o f  a hos t  and g u e s t  he ld  in  a d e f i n i t e  
s t r u c t u r a l  r e l a t i o n s h i p .  The f o r c e s  a t t r a c t i n g  b ind ing  p a r t n e r s lb 
i n c lu d e ,  bu t  a r e  no t  l i m i t e d  t o :  hydrogen bonding,  i o n - p a i r i n g ,  
i o n - d i p o l e ,  p i - a c i d  t o  p i - b a s e ,  van d e r  Waals f o r c e s ,  and s o lv e n t  
l i b e r a t i o n  phenomena ( in  w a te r  s o l u t i o n ,  hydrophobic b in d i n g ) .  
These fo r c e s  a r e  g e n e r a l l y  weak when compared t o  t h e  s t r e n g t h  o f  
c o v a le n t  bonds, so m u l t i p l e  c o n t a c t s  w i th i n  a given b ind ing  s i t e  
a r e  needed t o  c r e a t e  s t a b l e  complexes.
I f  o rg an ic  s o lv e n t s  a r e  employed f o r  r e a c t i o n s  with  crown 
e t h e r s  and c ry p ta n d s ,  th e  major d r i v i n g  f o r c e s ^  f o r  complexation 
a r e  most no ta b ly  c h a rg e -d i p o le  i n t e r a c t i o n  a n d /o r  hydrogen bonding.  
Reac tion with  c y c l o d e x t r i n s  and c y c l i c  po ly ions  a r e ,  however, 
u s u a l l y  conducted in w a te r ;  th us  th e  major d r i v i n g  fo r c e s  f o r  
complexat ion a r e  hydrophobic and cha rge -cha rge  i n t e r a c t i o n s ,  
r e s p e c t i v e l y .  Crown e t h e r s ,  c ry p ta n d s ,  and c y c l i c  po ly ions  a re  
com ple te ly  s y n t h e t i c  h o s t s ;  whereas,  c y c l o d e x t r i n s  a r e  ”semi-
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s y n t h e t i c  h o s t s "  in  t h a t  some chemical m o d i f i c a t i o n s  a r e  s t i l l  
p o s s i b l e .
Because t h e  f i r s t  s t e p  in  enzymatic r e a c t i o n s  i s  h o s t - g u e s t  
complex fo rmat ion  ( e . g .  enzyme and s u b s t r a t e ) ,  t h e  i n i t i a l  problem 
f a c in g  th e  o rgan ic  chemis t  i s  undoubtedly t h e  des ign  and s y n th e s i s  
o f  a r t i f i c i a l  h o s t s  having s p e c i f i c  c a v i t i e s  o f  d e f i n i t e  s t r u c t u r e  
t o  accommodate t h e  p a r t i c u l a r  g u e s t .  Several  groups  o f  a r t i f i c i a l  
h o s t s ^  have been developed so f a r :  (a )  modif ied  cycloamyloses
(a )  0 -C yc lodex t r in  
(Cycloamylose)
(b) [18]annulene 
(Cycloalkene)
(c)  C a l ix [4 ]a r e n e  
(Cyclophane)
(d) Valinomycin
(Cycl ic  P ep t ide)
Fig .  2. Examples o f  A r t i f i c i a l  Hosts .
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(e )  [18]crown-6 
(Crown Ether)
( e ' )  [ 2 . 2 . 2 ] c ryp tand  
(Cryptand)
coo"
coo'
-  ”ooc .coo
coo“
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( f )  H acrocyc l ic  Hexa- 
c a rb o x y l i c  Acid 
(Cyc l ic  Polyanion)
( f ' )  5 , 5 , , 5 ,,,S"<-Tetramethyl- 
2 , 1 1 ,2 0 , 2 9 - t e t r a s u l f o n i  um 
[3^]paracyclophane  
(Cyc l ic  P o lyca t ion )
Fig. 2. (Cont'd.)
4 8 9( c y c l o d e x t r i n s ) ,  (b)  c y c lo a lk a n e s ,  (c)  cyc lophanes ,  (d) c y c l i c
p e p t i d e s , 1® (e)  c y c l i c  n e u t r a l  p o ly l ig a n d s  such as :  crown e t h e r s , 11
c r y p ta n d s ,  ’ and ( f )  c y c l i c  po lyanions  and c a t i o n s .  All of
t h e s e  a r e  macrocycles and a r e  i n t r i n s i c a l l y  s u i t a b l e  as a r t i f i c i a l
h o s t s  because  they  g e n e r a l l y  c o n ta in  s t a b l e  and w e l l -d e f in e d
in c l u s i o n  c a v i t i e s .  Of t h e s e  macrocycli c  h o s t s ,  t h e  c y c l o d e x t r i n s ,
crown e t h e r s ,  c ry p ta n d s ,  and more r e c e n t l y  c y c l i c  po ly ions  have
been widely  and s y s t e m a t i c a l l y  s tu d ie d .
Although c l a t h r a t e s 11 and c y c lo d e x t r i n s  have been th e  s u b je c t s  
o f  a c t i v e  r e s e a r c h  f o r  many decades ,  t h e r e  i s  l i t t l e  doubt  t h a t  the 
a r r i v a l  in  1967 o f  the  "crown e t h e r s " ,  as r e a d i l y  a v a i l a b l e  h o s t s ,  
p rovided  th e  t im e ly  s t im u lus  f o r  th e  r a p id  development o f  supra-  
m o lecu la r  ch em is t ry .  Immediately fo l lowing  P ederson ' s  a c c id e n ta l  
d i s c o v e r y 1® o f  crown e t h e r s ,  s i g n i f i c a n t  e a r l y  c o n t r i b u t i o n s  were 
made by Lehn^’ 1^  and Cram.la  I t  was apparen t  t h a t  a new branch of  
c h e m is t ry ,  which s t r a d d l e s  many s c i e n t i f i c  d i s c i p l i n e s ,  was 
beginning  t o  emerge.
Although f o r  many decades  cyclophanes have been th e  s u b j e c t s  
o f  a c t i v e  r e s e a r c h ,  th e  r e d i s c o v e ry  in 1980 o f  th e  s o - c a l l e d  
" c a l i x a r e n e s "  as r e a d i l y  a v a i l a b l e  s y n t h e t i c  m olecu la r  r e c e p t o r s ,  
i n c re a s e d  development o f  supramolecu la r  chem is t ry .  Another unique 
c l a s s  o f  p o t e n t i a l  h o s t s ,  he te rocyc lophanes ,  i . e .  molecules 
c o n t a in in g  a t  l e a s t  one h e t e r o c y c l i c  r in g  as p a r t  o f  th e  cyclophane 
s t r u c t u r e ,  has been under development.  This  d i s s e r t a t i o n  w i l l ,  
t h u s ,  be l i m i t e d  in  scope t o  th e  s y n t h e t i c  a s p e c t s  l e ad ing  to  
carbon-bridged  cyclophanes  and he te rocyc lophanes  ( " h e t e r o p h a n e s " ) ,
i n c lu d in g  th e  j r - ex c ess iv e*7 h e t e ro c y c le s  ( p y r r o l e ,  fu ran ,  
th iophene ,  and r e l a t e d  five-membered r i n g s )  and th e  w - d e f i c i e n t  
h e t e r o c y c l e s  ( p y r i d i n e ) .  In a d d i t i o n ,  mixed he te rophanes ,  which 
may c o n t a in  both x - e x c e s s iv e  and i t - d e f i c i e n t  a romatic  m o ie t i e s  are 
h e r e i n  c ons ide re d .
For convenience ,  a macrocycle w i l l  be d e f ined  as a 11- or  
l a r g e r  membered r i n g ;  s ev e ra l  sm a l le r  membered r i n g s  have been 
inc luded  in o rd e r  t o  d e f in e  th e  lower l i m i t s  o f  c o n s t r u c t i o n .  
Macrocycles o f  b io l o g ic a l  o r i g i n  were not  inc luded ,  u n le s s  
s y n th e s iz e d  from o r  degraded to  s m a l l e r ,  importan t  fragments .  
Porphyr ins  and r e l a t e d  macromolecules have a l s o  been o m i t ted ;  
however, s eve ra l  s imple p y r r o l e  macrocycles have been inc luded  fo r  
comparat ive purposes .
1-3 .  Nomenclature
Numerous nomenclature and numbering r u l e s  have been proposed
and adapted f o r  easy  i d e n t i f i c a t i o n  o f  th e  o rgan ic  s t r u c t u r e s .  In
18g e n e r a l ,  as  th e  IUPAC n o t a t i o n  f o r  1 i l l u s t r a t e s ,  a p p l i c a t i o n  of  
t h i s  sy s t e m a t i c  nomencla ture system t o  macrocycles  h e r e in  under 
c o n s i d e r a t i o n  i s  too  cumbersome f o r  r o u t i n e ,  genera l  s c i e n t i f i c  
use.  For h e te rocyc lophanes ,  e s p e c i a l l y  i f  they  a r e  p o ly f u n c t io n ­
al i z e d ,  t h e  s y s tem a t ic  names become i n c r e a s i n g l y  com pl ica ted ;  t h u s ,  
v i r t u a l l y  no a u tho rs  in  t h e  f i e l d  use t h e  IUPAC n o t a t i o n  f o r  th e se  
macromolecules.  In o rd e r  t o  p a r t i a l l y  circumvent  t h i s  problem,
IQ
"phane nomenclature" has been used in t h i s  d i s s e r t a t i o n .  For
example in  IUPAC nomenclature ,  a s p e c i f i c  cyclophane ( r e p re s e n te d
by 1) i s  named and numbered as shown in  Fig .  3.  An a l t e r n a t i v e
nomenclature  f o r  t h i s  type  o f  r i n g  s t r u c t u r e  was sugges ted  by Cram 
20and S te in b e rg  , in  which 1 was named [ l - l - l - l ] -  o r  [ l ^ ] -m e t a -
21cyclophane .  Several  r e s e a r c h  groups have r e p o r te d  th e  syn theses  
o f  t h e  t e t r a h y d ro x y  d e r i v a t i v e s  o f  1 ( i . e .  2 in F ig .  4) and have
named them in  v a r io u s  ways, e . g . ,  " c y c l i s c h e n  Mehrkermethylene-
21 22 phenolverb indungen",  " c y c l i c t e t r a n u c l e a r  novolaks" ,  and " t e t r a -
23 24h y d ro c y c lo te t r a -m -b e n z y le n e s .  For convenience ,  Gutsche e t  a l .
have chosen t o  c a l l  them " c a l ix a r e n e s "  (Greek,  c a l i x ,  c h a l i c e ;
arene,  i n c lu d in g  th e  i n c o rp o r a t i o n  o f  a romatic  r i n g s  in the
m acrocyc l ic  a r r a y ) ,  s p e c i fy i n g  the  s i z e  o f  th e  macrocycle by a
b racke ted  number i n s e r t e d  between c a l i x  and arene and sp e c i fy in g
th e  n a t u r e  and p o s i t i o n  o f  s u b s t i t u t i o n  on the  aromatic  r i n g s  by
a p p r o p r i a t e  numbers and d e s c r i p t o r s .
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Fig .  3.  P e n ta c y c l o [ 1 9 . 3 .1 . 1 3 ’7 . l 9 , I 3 . l 15 ,19] o c t a c o s a - l ( 2 5 ) , 3 , 5 , -  
7 ( 2 8 ) , 9 , 1 1 , 1 3 ( 2 7 ) , 1 5 , 1 7 , 1 9 ( 2 6 ) , 2 1 , 2 3 -dodecaene.
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Fig .  4.  C a l ix [ 4 ] a r e n e
However, s in ce  a drawn s t r u c t u r e  can not  be m i s i n t e r p r e t e d ,  
t h i s  d i s s e r t a t i o n  w i l l  approach th e  communication problem by 
in c l u s i o n  o f  t h e  p a r e n t  s t r u c t u r e  and w i l l  i n d i c a t e  th e  s i t e ( s )  o f  
s u b s t i t u t i o n  by adopt ing  a modif ied  numbering scheme proposed by
G o l ' d f a r b  e t  a l . 33 as well o t h e r s . 3® (see  Fig .  5) The "Phane"
•• 19system o f  nomencla ture proposed by Vogtle and Neumann has he re in
been u t i l i z e d  only  when a formal i d e n t i f i c a t i o n  o f  a macrocycle was
n e c e ss a ry .
In o r d e r  t o  ci rcumvent  the  d isadvan tage  o f  th e  "Phane" system,
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Weber and Vogtle sugges ted  "coronand" nomencla ture.  ’
Accord ing ly ,  a d i s t i n c t i o n  was made between th e  c l a s s i c a l  c y c l i c  
o l i g o e t h e r s  ("crown e t h e r s " )  and monocyclic coronands .  The 
m u l l i d e n t a t e  monocyclic  l i g a n d s  with  any donor type  were c a l l e d  
"coronands" ,  while  t h e  te rm "crown e t h e r "  i s  r e s e rv e d  f o r  c y c l i c  
o l i g o e t h e r s  c o n t a in in g  exc lus ive ly  oxygen donors .  For example,  
F igure  5 shows th e  "Phane" and "coronand" names f o r  19 ,20 ,21-  
t r i a z a t e t r a c y c l o [ 1 3 * 3 * l * l 3 , 7 * l9 , 1 3 ] h e n e i c o s a - l ( 1 9 ) , 3 , 5 , 7 ( 2 1 ) , 9 , l l , -
1 3 ( 2 0 ) ,1 5 , 1 7 - n o n a n e - 2 , 8 ,1 4 - t r i o n e  in IUPAC nomencla ture.  Other 
than  t h i s  b r i e f  i n t r o d u c t i o n  and th e  example c i t e d  below, th e s e  
systems o f  nomencla ture  w i l l  no t  be cons ide red  f u r t h e r  but  in the  
for thcoming pages th e  l e a s t  complica ted  name w i l l  be used.
□
"Phane" numbering "Coronand" numbering
F ig .  5.  ' P h a n e ' :  l , 3 , 5 - T r i [ 2 , 6 ] p y r i d a c y c l o h e x a p h a n e - 2 , 4 , 6 - t r i o n e .
'C o ro n a n d ' : 1 2 < ( 2 ,6 - P y r i d i n o ) 2 - l 2 - c o r o n a n d - 3 > l , 5 ,9 - t r i o n e .
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Another nomenclature  was proposed ’ ’ in which,  in p lace  
o f  t h e  clumsy IUPAC name 1 ,4 ,7 ,10 ,13 ,16 -he xaoxacyc looc ta decane ,  
c y c l i c  p o ly e th e r  3 becomes [18]crown-6 and 4 becomes d ib enzo[18] -  
crown-6.  The s p e c i f i c  c l a s s i f i c a t i o n  crown i s  preceded by th e  
t o t a l  r i n g  s i z e  in  sequare  b ra c k e t s  and succeeded by th e  number o f  
heteroatoms in  th e  r i n g .  The dibenzo r e f e r s  t o  t h e  two benzene 
r i n g s  fused  onto  th e  r i n g .  The o t h e r  t r i v i a l  nomencla ture was
12
2h 10
i n t ro d u c e d  ’ ’ f o r  t h e  d ia z a  c ryp tands  in  which th e  number of  
oxygen atoms in  each cha in  in  square b r a c k e t s  p recedes  t h e  s p e c i f i c  
c l a s s i f i c a t i o n ,  c ryp ta nd .  Thus, cryptand  5 i s  named [ 2 . 2 . 2 ] -  
c ryp tand  and i t s  d e r i v a t i v e  with  only  one oxygen in  one o f  the  
ch a in s  would be [ 2 .2 . 1 ] c r y p t a n d .  Although more s p e c i f i c  and 
i l l u s t r a t i v e  th e  new nomencla ture s u f f e r s  in  more complex cases  
from name l e n g th s  comparable t o  th ose  o f  t h e  IUPAC system.
£
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□
□
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I I .  Cyclophanes
I I - l .  I n t r o d u c t io n
Although th e  r e l a t i o n s h i p  between th e  concept  o f  cyclophanes ,
a p roduc t  o f  t h e  imaginat ion  o f  t h e  s y n t h e t i c  o rg a n ic  chemis t ,  and
b i o l o g i c a l  p rocesses  may seem r a t h e r  remote,  cyclophanes a re  well
worth c o n s i d e r a t i o n  by chemis ts  who wish to  des ign  and p repare
s y n t h e t i c  ana logs  o f  enzymes and r e c e p t o r s .  Completely a r t i f i c i a l
cyc lophane- type  h o s t s  have seve ra l  advantages :  a) s t r a i g h t f o r w a r d
p r e p a r a t i o n ,  b) w e l l -d e f in e d  molecu la r  dimens ion,  s i z e  or  shape
(dete rmined  from X-ray c r y s t a l l o g r a p h i c  s tu d y ) ,  c)  e a s i l y  ob ta ined
in fo rm a t ion  on v a r ious  physicochemical  p r o p e r t i e s ,  such as
macroring conformation and i n t e r n a l  r o t a t i o n  o f  a romatic  r i n g s ,  and
29d) remarkab le  thermal and /o r  chemical s t a b i l i t y .  Moreover, the  
s t r u c t u r a l  v a r i a b i l i t y  o f  cyclophanes makes i t  easy t o  p repare  
modif ied  macrocycles f o r  very s p e c i f i c  i n t e r a c t i o n s  with  c e r t a i n  
g u e s t s .
For an i n t r o d u c t i o n  to  th e  i n t e r r e l a t i o n s h i p  between
( h e te ro ) c y c lo p h a n e s ,  t h i s  Chapter  w i l l  deal  with  th e  s y n th e s i s  o f
ca rbon -b r idged  cyclophanes .  Chapter  I I -3 d e t a i l s  th e  syn theses  of
c a l i x a r e n e s ,  which a re  p s e u d o i s o s t e r s  o f  porphyr inogens ( see  Chap.
24I I I -3) w ith  phenol d e r i v a t i v e s .  Many phys ica l  p r o p e r t i e s  o f  
c a l i x a r e n e s  a r e  s i m i l a r  t o  th o se  o f  he te rocyc lophanes .
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I I -2 .  Syntheses  o f  Cyclophanes
There has been c o n s id e r a b l e  i n t e r e s t *  in comparing the
p r o p e r t i e s  o f  d i f f e r e n t  [Nm]cyclophanes  (N -1 ,2 ,3 ;  m = l ,2 ,3 ,4 )  s in c e
th e s e  a r e  a f f e c t e d  by d i f f e r i n g  b r idge  members and p a t t e r n s .
30H i s t o r i c a l l y ,  th e  sy n th ese s  o f  [n]paracyc lophanes  have been
approached th rough r e a c t i o n s  commonly used f o r  th e  p r e p a r a t i o n  o f
medium- and l a r g e - r i n g  ( h e t e r o ) a r y l  c y c l e s .  Several  t r a d i t i o n a l
31methods d e s c r ib e d  by Smith a r e :  a cy lo in  condensa t ion ,  F r i e d e l -
C r a f t s  r e a c t i o n ,  p y r o l y s i s  o f  d i a c i d s ,  c y c l i z a t i o n  via  amide
fo rm at ion ,  ha lo-amine  c y c l i z a t i o n ,  h a l o - e t h e r  c y c l i z a t i o n ,  Z i e g l e r
c y c l i z a t i o n ,  and o x i d a t iv e  coupl ing  o f  a c e ty le n e s  and mercap tans .
31In 1964 when Bridged Aromatic Compounds was w r i t t e n ,  [8 ]p a ra -
cyclophane was th e  s m a l l e s t  [n]paracyc lophane y e t  d e s c r ib e d ,
32al though  A l l i n g e r  and coworkers had s pecu la ted  t h a t  [7 ]p a ra -
cyclophane would be about as s t r a i n e d  as cyclopropane  and th e r e f o r e
amenable t o  s y n t h e s i s .  Syntheses o f  th e s e  h igh ly  s t r a i n e d  t a r g e t s
prompted a s earch  f o r  new p r e p a r a t i v e  p rocedures .  In t h e  s y n th e s i s
33o f  [Nm]cyc lophanes ,  numerous genera l  s y n t h e t i c  methods have been 
found:
A. The Wurtz coup l ing  r e a c t i o n  i s  t h e  o l d e s t  o f  s y n t h e t i c
34methods t o  p repa re  cyc lophanes ,  having been used by Baker e t  a l .
in  t h e  o r i g i n a l  s y n th e s i s  o f  [ 22] ( l > 2 )cyclophane  (6 ) ,  and l a t e r
20employed by Cram and S te in b e rg  f o r  th e  p r e p a r a t i o n  o f
[22] ( l , 4 ) c y c l o p h a n e  (7 ) .  Although, in g e n e r a l ,  y i e l d s  observed in
t h e  Wurtz coup l ing  a r e  u s u a l l y  low (ca .  20%), i t  i s  a u se fu l  method 
when th e  r e q u i r e d  d i h a l i d e  i s  r e a d i l y  a v a i l a b l e .
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B. The Hofmann-type,  1 , 6 - e l i m i n a t i o n  o f  p-methylbenzyl  ammonium 
35hydroxides  has been used t o  s y n th e s i z e  v a r io u s  o f  [Zg]( 1 ,4 )c y c lo -
phanes and p a r t i c u l a r l y  v a lu a b le  f o r  p rep a r in g  m u l t i l a y e r e d
cyclophanes .  Although y i e l d s  in  th e s e  1 ,6 - e l i m i n a t i o n s  as shown
36f o r  th e  p r e p a r a t i o n  o f  8 a r e  u s u a l l y  low, Otsubo e t  a l . have
shown t h a t  improved y i e l d s  (27%) can be ob ta ined  by c a r e fu l
a t t e n t i o n  t o  s o l v e n t ,  c o n c e n t r a t i o n ,  and i n h i b i t o r .  Recen t ly ,  I to  
37e t  a l . r e p o r t e d  th e  s y n t h e s i s  o f  7 in  56% y i e l d  by an i n t e r e s t i n g  
v a r i a t i o n  invo lv ing  f l u o r i d e  ion a t t a c k  on th e  t r i m e t h y l s i l y l  
analog  ( 9 ) .
16
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C. R in g - c o n t r a c t i o n  via  S -E x trus ion  o f  th iophanes  (S-br idged
cyclophanes)  has been used to  g e n e ra te  [2 .2 ]c y c lo p h a n e s .  These
th iophanes  a re  r e a d i l y  a v a i l a b l e  in r e l a t i v e l y  high y i e l d s  by r in g -
338c l o s u r e s  us ing  h i g h - d i l u t i o n  p r i n c i p l e s  and a re  th e  c y c l i c  
p r e c u r s o r s  o f  th e  cor responding  C-br idged cyclophane .  The 
in t e r m e d i a t e s  a re  very  s t a b l e  and easy  to  hand le ,  and the  p y r o ly s i s  
could  be t r e a t e d  a t  500-600*C. Yields  o f  th e  co r responding  
cyclophanes  as high as 80% could be achieved .  S u l f i d e  ions 
g en e ra te d  from e i t h e r  NagS^HgO or  th ioace tam ide  have been used f o r  
t h e  s u cces s fu l  p r e p a r a t i o n  o f  th io c y c lo a lk a n e s ,  crown e t h e r  
s u l f i d e s ,  and th io p h a n e s .  The c o n t r a c t i o n  can be ach ieved  by
38v a r io u s  5 - e x t r u s i o n  p rocedu res ,  such as :  a Stevens  rear rangement ,  
p h o to re a c t io n  o f  t h e  t h i o e t h e r  in th e  presence  o f  phosphorus
3g 40
compounds, and p y r o l y s i s  o f  th e  cor responding  s u l f o n e ,  which i s  
e a s i l y  o b ta in ed  by f a c i l e  5 - o x id a t io n .
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D. A Malonate Approach t o  g e n e ra te  cyclophanes  i s  an impor tan t  
bu t  l i t t l e  used method f o r  t h e  s y n th e s i s  o f  [3<3]cyclophanes .  
Heta -xy l e n e - a , a - d i e t h y l  malonate (10) and l ,3 -b i s (b ro m o m e th y l ) -  
benzene were condensed in  b o i l i n g  xylene with  excess  NaH to  g ive  
[ 3 » 3 ] c y c l o p h a n e - t e t r a e s t e r  11. The format ion o f  s a t u r a t e d
[ 3 - 3 ] ( 1 , 3 ) cyclophane from t e t r a e s t e r  11 proceeded via  t h r e e  s t e p s :
a) h y d ro ly s i s  and d eca rb o x y la t io n  (86%) under a c i d i c  c o n d i t i o n s ,  b)
a - s u b s t i t u t i o n  (75%) with  c h l o r i d e  under Pb(0Ac)4/ L i C l / p y r i d i n e ,
40and c) r e d u c t io n  (61%) o f  c h l o r i d e  with  Li/t-BuOH. However, the  
s t ro n g  bases  r e q u i r e d  t o  produce th e  b i s -m a lona te  an ions  l i m i t s  
t h i s  c l a s s i c a l  d i r e c t  C-C-coupling method to  educ ts  and produc ts  
t h a t  a r e  i n s e n s i t i v e  to  b ases .  Today, cyc lophanes ,  such as 
[3*3]cyclophanes ,  can be prepared  more d i r e c t l y  by th e  s u l f u r  
e x t ru s i o n  from [4*4] th iophanes  by p y r o ly s i s  or  p h o t o l y s i s .
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E. A D ie l s -A lde r  Reaction involv ing  p -x y ly l en e  in t e rm e d ia te s  
could be conducted in c o n ce n t ra te d  s o l u t i o n ,  g iv ing  as much as 60
a i a
grams per  run .  In 1972, Hopf d iscovered  t h a t  1 ,2 ,4 ,5 -h e x a -  
t e t r a e n e  (12) r e a c te d  with  a c e ty le n e s  13 to  g ive  s u b s t i t u t e d  
[2 * 2 ] ( l , 4 ) c y c lo p h a n e s  (15) .  Presumably th e  f i r s t  s t e p  i s  a 
D ie l s -A ld e r  r e a c t i o n  o f  12 with  13 t o  g ive  the  p -x y ly l e n e  (14) ,  
which subsequen t ly  d im er ize s  to  ge n e ra te  15. In c o n t r a s t  t o  o th e r  
cyclophane syn theses  invo lv ing  p -x y ly len e  i n t e r m e d i a t e s ,  t h i s
s y n t h e s i s  can be conducted in co n c e n t ra te d  s o l u t i o n s  a f fo rd in g  
(40-50%) th e  d e s i r e d  [2 * 2 ] ( l , 4 ) c y c l o p h a n e s . 41
c R R o
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The D ie l s -A ld e r  adduc ts  o f  t e t r a e n e  12 and a c e ty l e n e s  13 are 
very  use fu l  f o r  p re p a r in g  v a r ious  methyl s u b s t i t u t e d  
[2*2]cyclophanes ,  in a d d i t i o n  to  a c t i n g  as s t a r t i n g  m a t e r i a l s  f o r  
m u l t ib r id g e d  cyclophanes .
F. The B i s ( d i t h i a n e )  A lk y la t io n  Method was in t roduced  by 
43aSeebach e t  a l . as  a method f o r  conver t ing  aldehydes  t o  c y c l i c  
d ik e to n e s .  In an e x ten s io n  o f  t h i s  method, i soph tha la ldehyde  
b i s ( d i t h i o a c e t a l ) (16) could  be a l k y l a t e d  with  e i t h e r  m- o r  
p - x y ly l e n e  dibromide t o  g iv e  th e  co rresponding  b r i d g e d - s u b s t i t u t e d  
cyclophanes  (17 o r  18, r e s p e c t i v e l y ) .  ’ These, in t u r n ,  can be 
r e a d i l y  d e s u l f u r i z e d  with  Raney n icke l  t o  p rov ide  th e  p a re n t  
cyc lophanes  o r  hydrolyzed  in  th e  presence  o f  mercur ic  c h l o r i d e  to  
g ive  t h e  co r responding  c y c l o p h a n e - l , 9 - d ik e t o n e s .
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44b c6.  Cyclophane Rearrangements were observed by Cram e t  a l . ’
in t h e i r  s t u d i e s  on the  chemical p r o p e r t i e s  o f  [ 2 * 2 ] (1 ,4)cyclophane 
( 7 ) .  Upon t r e a tm e n t  o f  7 with  anhydrous hydrogen c h l o r i d e  and 
aluminum c h l o r i d e  in dich lo romethane a t  -10*C, rearrangement  
occur red  a t  g ive  [ 2 * 2 ] ( l , 3 ) ( l , 4 ) c y c l o p h a n e  (19).  This 
rearrangement i s  in t r a m o l e c u la r  and probably  fo l lows a r e a c t io n  
pa th  invo lv ing  i n t e r m e d i a t e s ,  such as 20-22; the  d r iv i n g  fo rce  f o r  
th e  rear rangement was thought t o  be th e  r e l i e f  in s t r a i n  in going 
from 20 to  22, s ince  7 has ~8kcal/mol more s t r a i n  energy than 19.
21
Another p o s s i b l e  d r i v i n g  fo rc e  i s  the  well-known f a c t  t h a t  meta­
d i a l k y l a t e d  benzenes a re  s t r o n g e r  bases than  p a r a - d i a l k y l a t e d  
benzenes toward pro ton  a c i d s .
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Accompanying t h e i r  work on the  Lewis-ac id  c a t a ly z e d
44drear rangement  o f  7 t o  19, Cram e t  a l . observed t h a t  19 underwent 
a photochemical  rear rangement to  g ive  (46%) [2 * 2 ] ( l , 3 ) c y c lo p h a n e
(23 ) ,  which was i n e r t  toward prolonged i r r a d i a t i o n .
I 1-3.  C a l ix a ren e s
C a l ix a r e n e s ,  which a r e  [ l n ]metacyclophanes ,  a re  macrocycli c
phenol -formaldehyde  condensa t ion  p roduc ts  s i m i l a r  in  s t r u c t u r e  to
c e r t a i n  c y c l i c  p o l y e th e r s ,  which were noted f o r  t h e i r  s i z e - r e l a t e d
45s e l e c t i v i t y  in binding c a t i o n s .  C a l ixarene  have been sugges ted 
as p o t e n t i a l  enzyme mimics because they  possess  a t o r u s - l i k e  
a r c h i t e c t u r e  s i m i l a r  t o  t h a t  o f  c y c l o d e x t r i n s .
46The c a l i x a r e n e s  were f i r s t  r ep o r te d  by Baeyer in 1872, when 
aqueous formaldehyde and phenol were hea ted t o  g ive  a hard ,  
r e s i n o u s ,  n o n c r y s t a l l i n e  p roduc t .  The te chn iques  a t  t h a t  t ime ,  
however,  were not adequa te to  al low c h a r a c t e r i z a t i o n  o f  such 
m a t e r i a l s  and thus  the  s t r u c t u r e  remained unknown. Three decades 
l a t e r ,  Baekeland devised  a process  f o r  us ing t h i s  phenol - 
formaldehyde procedure t o  make a tough,  r e s i l i e n t  r e s i n  ( c a l l e d  
" p h e n o p l a s t " ) , which was marketed with  tremendous chemical success  
under th e  name " B a k e l i t e " .  As a r e s u l t ,  c o n s id e r a b le  i n d u s t r i a l  
and academic a t t e n t i o n  was focused on t h i s  "phenol-formaldehyde
p r o c e s s " ,  and s i g n i f i c a n t  l i t e r a t u r e  a rose  d e a l in g  with
47p h e n o p la s t s .  Among th e s e  i n v e s t i g a t i o n s  were th o s e  conducted by
48Zinke e t  a l . in connec tion  with  th e  "cur ing"  phase o f  the  p rocess
in  which v a r io u s  p - s u b s t i t u t e d  phenols with  aqueous formaldehyde 
and sodium hydroxide were hea ted  a t  200*C t o  a f f o r d  very  high- 
m e l t i n g ,  h ig h ly  i n s o lu b l e  m a t e r i a l s ,  a l l  o f  which were p o s t u l a t e d  
t o  be c y c l i c  t e t r a m e r s ,  i . e .  c a l i x [ 4 ] a r e n e .  However, no
45exper imenta l  ev idence  s uppor t ing  t h i s  p o s t u l a t e  was c i t e d .  More
r e c e n t l y ,  by app ly ing  dynamic NMR spec t roscopy  as well  as  o t h e r
24 49modern t e c h n iq u e s ,  Gutsche e t  a l .  ’ demonst ra ted  t h a t
condensa t ion  o f  p - t e r t - b u t y l p h e n o l  and formaldehyde gave p - t e r t -
b u t y l - c a l i x [ 4 ] a r e n e ,  - c a l i x [ 6 ] a r e n e ,  and - c a l i x [ 8 ] a r e n e .
C a l ix a re n e s  have been s y n thes iz ed  by two fundamenta l ly
d i f f e r e n t  methods.  The f i r s t  was th e  leng thy  m u l t i s t e p  p rocess
de v i se d  by Hayes and H u n te r ,50 in  which (Scheme 1) ,  p - c r e s o l  was
p r o t e c t e d  a t  one o f  th e  o - p o s i t i o n s  by bromina t ion ,  then  th e
methylene  groups were added by hydroxymethylat ion  with
formaldehyde.  The a ry l  groups were appended by a c i d - c a t a l y z e d
a r y l  a t  ion ,  then  th e  l i n e a r  o-bromo-o '-hydroxy-methyl  t e t r a m e r  was
45debrominated and c y c l i z e d .  The o v e r a l l  y i e l d s  o f  each o f  th e s e
m a t e r i a l s  i s  under 0.5%, making t h i s  a l e s s  than  id e a l  p rocedure .
51The second method was r e c e n t l y  r e p o r te d  and e x p l o i t e d  by Gutsche 
5 2e t  a l .  in which a s im ple ,  " o n e - f l a s k "  b a s e - c a t a ly z e d  condensa t ion  
o f  a p - s u b s t i t u t e d  phenol (24) with  formaldehyde a f fo rd e d  a mixtu re  
o f  c y c l i c  o l igom ers .  Although th e  o v e r a l l  y i e l d s  o f  25 i s  only  ca .  
10%, t h e  s t a r t i n g  m a t e r i a l s  a re  inexpensive  and the  workup/ 
p u r i f i c a t i o n  p rocedure  i s  g e n e r a l l y  simple and s t r a i g h t f o r w a r d .  I f  
improvement in  t h e  s e l e c t i v e  hydroxymethyla t ion could  be r e a l i z e d ,
t h e  s y n t h e s i s  would excel  th e  Zinke " o n e - f l a s k "  method not  only
with  r e s p e c t  to  f l e x i b i l i t y ,  but a l s o  y i e l d .
Ca l ixa renes  normal ly  e x i s t  in th e  s o - c a l l e d  "cone"
conformation ,  in which a l l  o f  th e  aromatic r i n g s  a re  o r i e n t e d  in
53 1th e  same d i r e c t i o n ,  as shown by X-ray a n a l y s i s  and dynamic H NMR 
54spec t ro scopy ;  however, above 25*C they  a re  f l e x i b l e  and undergo
r a p i d  i n t e r c o n v e r s io n  between d i f f e r e n t  conformat ions .  The
p o s s i b i l i t y  o f  conformationa l  i s o m e r iza t io n  in the  c a l i x [ 4 ] a r e n e s
23was made by Conforth e t  a l . ,  who noted t h a t  fo u r  d i s c r e t e  forms 
can e x i s t ,  and were l a b e l l e d  as "cone",  " p a r t i a l  cone",  
" 1 , 2 - a l t e r n a t e " ,  and " 1 , 3 - a l t e r n a t e "  conformations  by Gutsche e t  
a l . 55
Two c h a r a c t e r i s t i c s  o f  the  c a l i x a r e n e s  a re  t h e i r  unusua l ly
high me l t ing  p o i n t s ,  i n v a r i a b l y  h ighe r  than those  o f  t h e i r  a c y c l i c
c o u n t e r p a r t s ,  and t h e i r  low s o l u b i l i t y  in common o rgan ic  s o lv e n t s .
th e  l a t t e r  has f r e q u e n t l y  posed p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n
problems.  The most i n t e r e s t i n g  phenomenon with  c a l i x a r e n e s ,  which
have p o t e n t i a l  c a v i t i e s ,  i s  t h e i r  a b i l i t y  t o  complex s u i t a b l e
56g u e s t s .  / j - 7 e r t - b u t y l c a l i x [ 4 ] a r e n e  (25,  X =t-bu ty l )  shows a
s t r i k i n g  a b i l i t y  t o  form very s t a b l e  complexes with  numerous small
m olecu le s ,  inc lud ing  chloroform, benzene,  and t o l u e n e .  Only a f t e r
prolonged h ea t ing  a t  high te m pera tu res  and low p r e s s u r e s  was i t
p o s s i b l e  t o  complete ly  expel th e s e  g u es t s  from th e s e  complexes.
Evidence t h a t  th e  occluded gues t s  a re  inside  th e  c a l i x a r e n e  was
53suppor ted  by an X-ray c r y s t a l l o g r a p h i c  d e te rm in a t io n  o f  the  
to lu en e  complex o f  25 (X = t -b u ty l ) ,  which c l e a r l y  showed t h a t  the
25
Scheme 1. Ten-Step S y n th es i s  o f  p -M e th y lc a l ix [4 Ja re n e
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Scheme. 2. "One-Flask" Reac tion  f o r  C a l ix [4 ]a r e n e
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t o l u e n e  was w ith in  th e  h o s t .  p - 7 e r t - b u t y l c a l i x [ 4 ] a r e n e ,  somewhat
s u r p r i s i n g l y ,  formed a very s t a b l e  complex with  one ch loroform and
49two methanol m olecu le s .  Upon h e a t in g  a t  high tem pera tu re  under 
vacuum, s e q u e n t i a l  l o s s  o f  f i r s t  one methanol molecule ,  then  the  
second o ccu r red ,  but  th e  ch loroform molecule was r e t a i n e d  even 
a f t e r  144 hours a t  257*C and 1 mm H g . ^  Thus,  an a p p e a l in g  f e a t u r e  
o f  c a l i x a r e n e s  i s  t h e i r  a b i l i t y  t o  form very  s t a b l e  ( i r r e v e r s i b l e )  
h o s t - g u e s t  complexes by t r a p p i n g  n e u t r a l  o rg an ic s  and small ions in 
t h e i r  c a v i t y .
Hi
O HO HO HO H
OH 
OH HiX
X
28
As p a r t  o f  an e x t e n s i v e  program d e a l in g  with  analogues  o f
57p h l o r o g l u c id e s ,  Moshfegh e t  a l . have i n v e s t i g a t e d  t h e  s y n th e s i s  
o f  v a r io u s  o f  p - h a l o c a l i x [ 4 ] a r e n e s  us ing a procedure  s i m i l a r  to
CO
t h a t  o f  Bohmer e t  a l . When 26 and the  b is (hydroxym ethy l ) dimer 
27 were used as s t a r t i n g  m a t e r i a l s ,  c a l i x a r e n e  25 was produced 
(65%) accompanied by 10% o f  e t h e r  28.
However, Bfihmer r e p o r t e d  q u i t e  low ( b e s t :  10-20%) y i e l d s  in 
t h e  c y c l i z a t i o n  s t e p ,  in which a m ix ture  o f  a l k y l ,  bromo, and n i t r o  
f u n c t i o n s  were in c o rp o ra te d  as X groups .  This  s t r i k i n g  c o n t r a s t  in 
t h e  y i e l d s  between the  methods o f  Btfhmer and Moshfegh f o r  the  
p r e p a r a t i o n  o f  c a l i x [ 4 ] a r e n e s  i n d i c a t e s  t h a t  m a t e r i a l s  r e p o r te d  by 
Moshfegh e t  a l .  might not be cal ixarenes.
When Gutsche e t  a l . ^  r e c e n t l y  s y n th es iz ed  p - h a l o c a l i x [ 4 ] - 
a renes  by an a l t e r n a t e  p rocedure ,  high me l t ing  i n s o l u b l e  p roducts  
were o b ta in e d .  I t  i s  h ig h ly  u n l i k e l y  t h a t  th e  p r o p e r t i e s  o f  the  
"Gutsche" compounds were s i g n i f i c a n t l y  d i f f e r e n t  from those  
prepa red  by Moshfegh,®7^ but  were c o n s i s t a n t  w i th  th o s e  observed 
f o r  most c a l i x a r e n e s .  T h e re fo re ,  i t  must be conclude  t h a t  the  
m a t e r i a l s  r e p o r t e d  by Moshfegh e t  a l .® 7 were not  c a l i x a r e n e s ;
d e f i n a t i v e  s t r u c t u r a l  d a t a  w i l l  unravel  th e  mystery!
59Even though Moshfegh e t  a l .  r e p o r te d  th e  condensa t ion  o f  
dimer 26 (X-Cl) with  4 -ha lo -2 ,6 -b i s (hyd roxym ethy l )pheno l  (29) to  
a f f o r d  (69-90%) p - h a l o c a l i x [ 3 ] a r e n e s  (30) and th e  o x id a t io n  o f  the  
CH2-b r id g e s  t o  g ive  ketones  31.  The ass igned  s t r u c t u r e s  (30 and 
31) a r e  cons ide red  doub t fu l  a t  b e s t .
28
Since  space f i l l i n g  models o f  t h e  c a l i x [ 3 ] a r e n e  i n d i c a t e  
c o n s id e r a b ly  more non-bonded s t r a i n  than in  th e  higher-membered 
c a l i x a r e n e s ,  i t  i s  hoped t h a t  a d d i t i o n a l  and more complete d e t a i l s  
in  suppor t  o f  th e s e  s t r u c t u r e s  w i l l  be forthcoming.
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I I I .  Heterophanes
111 -1 .  I n t ro d u c t io n
H eterocyc les  a re  molecules which have a c y c l i c  s t r u c t u r e  
w ith  two o r  more d i f f e r e n t  kinds o f  atoms in th e  r i n g ;  however in 
most c a s e s ,  carbon i s  s t i l l  by f a r  the  most common r in g  atom.
Over t h e  y e a r s ,  i t  has become c l e a r  t h a t  th e  chemical behav ior  
o f  many he te roa rom a t ic s  can be exp la ined  on th e  b a s i s  o f  two 
d i f f e r e n t  types  o f  aromatic r in g  systems: those  de r ived  from the  
cyc lopen tad ieny l  ca rbanion  (32) by rep lacement o f  one o r  more CH 
groups by a heteroatom, such as :  N, 0 or  S, and th ose  ob ta ined  by 
rep lacement  o f  one or  more CH group(s )  (33) in benzene.  These 
h e t e ro c y c le s  can be regarded ,  to  a g r e a t e r  o f  l e s s e r  degree ,  as 
aromatic on the  b a s i s  of  t h e i r  physical  p r o p e r t i e s  and t h e i r  
resonance  e n e rg i e s .
32 33
P lan a r ,  u n s a tu ra t e d  h e t e ro c y c le s  c o n ta in in g  f i v e  atoms can be 
cons idered  as aromatic  systems,  i f  they  have an u n in t e r r u p t e d  cycle
29
o f  p - o r b i t a l s  co n ta in in g  a t o t a l  o f  s ix  e l e c t r o n s .  The ca rb o c y c l i c
analog o f  th e s e  h e t e ro c y c l e s  i s  the  cyc lopen tad ieny l  an ion ,  which
2
i s  a p l a n a r ,  symmetrical pentagon with  f i v e  sp -h y b r id ized  carbon 
atoms and a c y c l i c  a r r a y  o f  f i v e  p - o r b i t a l s  co n ta in in g  the  s ix  
e l e c t r o n s .  P y r ro le ,  f u r a n ,  and th iophene  a re  examples o f  the  
f ive-membered aromatic h e t e ro c y c le s  having s ix  w -e lec t ro n s  
d i s t r i b u t e d  over  th e s e  f i v e  atoms.
Nitrogen  i s  th e  only  atom from th e  f i r s t  row o f  the  P e r iod ic  
Table which can r e p la c e  a CH group o f  benzene and g ive  an uncharged 
aromatic  h e t e r o c y c l e .  The o r b i t a l s  o f  p y r id in e  a re  q u a l i t a t i v e l y  
s i m i l a r  t o  those  o f  benzene: they have th e  same symmetry and t h e r e  
a re  t h r e e  bonding o r b i t a l s  well s ep a ra ted  in energy from t h r e e  
an t ibonding  o r b i t a l s .  However, the  major d i f f e r e n c e  i s  t h a t  the  
en e rg i e s  o f  the  7 r -o rb i t a l s  o f  p y r id in e  a r e  lower r e l a t i v e  to  those  
o f  benzene because o f  th e  g r e a t e r  e l e c t r o n e g a t i v i t y  of  the  
he teroatom.  There i s  a s h i f t  o f  e l e c t r o n  d e n s i t y  from th e  r in g  
carbons  toward th e  heteroa toms;  th u s ,  th e s e  he te ro a ro m a t ic s  a re  
consequen t ly  c l a s s i f i e d  as j r - d e f i c i e n t .
O 932
17Fig .  6.  D i s t r i b u t i o n  o f  j r -E lec t ron  D e n s i t i e s  in  P y r ro le ,  Furan,  
Thiophene,  and P y r id ine .
Based on t h e o r e t i c a l  and exper imenta l  in fo rm a t ion ,  some 
p r e d i c t i o n s * ^ ’®^  can be made with  r e s p e c t  to  the  chemical
r e a c t i v i t i e s  o f  th e s e  h e t e ro a ro m a t ic s .  For example, i t  i s
a n t i c i p a t e d  t h a t ,  because o f  the  decreased  e l e c t r o n  d e n s i t y  on the
carbon atoms o f  j r - d e f i c i e n t  systems,  e l e c t r o p h i l i c  s u b s t i t u t i o n
w i l l  be more d i f f i c u l t  than in e i t h e r  j r -neu t ra l  benzenoid or
jr -excess ive  he te roa rom a t ic  systems.  Converse ly,  n u c l e o p h i l i c
s u b s t i t u t i o n  in th e  j r - d e f i c i e n t  he te roa rom a t ic s  i s  expec ted to  be
f a c i l i t a t e d  by the  decreased  e l e c t r o n  d e n s i t y  on th e  carbon atoms,
in comparison to  the  j r -neu t ra l  a rom at ic s .
Heterophanes®* are d e f ined  as cyclophanes with  h e t e r o c y c l i c  a t
l e a s t  one s u b u n i t .  Such molecules inc lude  j r -excess ive  systems,  f o r
example, fu rano ,  p y r ro lo ,  th iopheno,  and r e l a t e d  five-membered
r i n g ,  and j r - d e f i c i e n t  systems,  such as p y r id ino  and p y r id az in o .
There a re  numerous compounds o f  b io l o g i c a l  o r i g i n  and with
biochemical s i g n i f i c a n c e  t h a t  may be cons idered  he te rophanes ,  such 
62as muscopyr id ine ,  i s o l a t e d  from the  perfume gland o f  th e  musk
63d e e r ,  and sea whip neuromuscular  to x in  Lophotoxin with  a 
f u n c t i o n a l i t y  and a m u l t i p l e  r in g  s t r u c t u r e  t h a t  make i t  unusual 
among nw«#rn/>+c
t ) 2CCH3
Muscopyridine Lophotoxin
In r e c e n t  y e a r s ,  t h e r e  has been inc re a sed  i n t e r e s t  in the  
chemical and phys ica l  p r o p e r t i e s  o f  porphyr ins  and r e l a t e d  
macrocycle s.  This i n t e r e s t  has been s t im u la t e d  in p a r t  by the  
d e s i r e  t o  unders tand  th e  behav ior  o f  t h e i r  metal complexes in 
b i o l o g i c a l  p ro c e s s e s .  Chlorophyll  and v i tamin  ( " v i t a  amine") B 
a r e  but  a couple o f  examples o f  n a t u r a l l y  occu r r in g  compounds 
r e l a t e d  to  po rphy r in s .
Fig .  7. Porphyrin Skele ton
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Fig. 8. Related Compounds to Porphyrins
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64P yr ro le  o f  the  porphyrinogen system can be s u b s t i t u t e d  by 
o t h e r  h e t e ro c y c le s  to  g ive  the  i s o s t e r s  34.^* These macrocycles 
a re  a l s o  o f  i n t r i n s i c  chemical i n t e r e s t  because o f  t h e i r  
r e l a t i o n s h i p  to  the  aromatic  [18 ] -annu lenes .
34
X = 0 ; S
I I 1-2.  (2 ,5 )P y r ro lophanes  and Porphyrins
For th e  s y n th e s i s  o f  s imple (2 ,5 )pyr ro lophanes  having alkane
b r id g e s  with  methylene groups ,  ad ap ta t io n  o f  th e  Paar-Knorr  
65s y n t h e s i s  p rovides  a genera l  convenien t  ro u te  to  th e  [N](2 ,5 ) -  
pyr ro lophanes  (35,  N=8®^ from c y c l o d e c a n e - l , 4 - d i o n e ) .
R N H ;
35
34
The Paar-Knorr  procedure ,  u t i l i z i n g  c y c l i c  1 , 4 -d i k e to n e s ,  was
extended to  the  s y n th e s i s  o f  s evera l  mixed [2 * 2 ] ( 2 ,5 ) p y r r o lo -
phanes.®^ Thus, r e a c t i o n  o f  c y c l o d o d e c a n e - l , 4 , 7 ,1 0 - t e t r a o n e  36
with  hydraz ine  and primary  amines gave the  symmetrical [ 2 - 2 ] ( 2 , 5 ) -
pyrro lophanes  (37, not  a phane) and 38, r e s p e c t i v e l y .  The r e a c t i o n
o f  36 with  ammonia f a i l e d  to  g ive  th e  /V-unsaturated [ 2 - 2 ] ( 2 , 5 ) -
68pyrro lophane  (39) ,  which however was ob ta ined  v ia  the  r e d u c t iv e  
c leavage  th e  Af-benzyl d e r i v a t i v e  41,
38
36
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ob ta ined  in good y i e l d  from the  s e q u e n t i a l  r e a c t i o n  o f  36 with
benzyl amine and ammonia.
Porphyrins  a re  a c l a s s  o f  t e t r a p y r r o l e  macrocycles with  a
s k e le to n  as shown in 42.  The porphine ( th e  pa ren t  compound) f r e e
base 43 has 11 double bonds and can be t ransformed in t o  a m e ta l lo -
porphine 44 by rep lacement o f  th e  two inne r  p ro tons  by a d i v a l e n t
metal ion .  One can a l s o  add two a d d i t i o n a l  p ro tons  to  the  f r e e
base and o b ta in  the  porphyr in  d i c a t i o n  45.  P ro toporphyr in  IX (43)
i s  one o f  the  most abundant  n a t u r a l l y  occu r r in g  po rphy r in s .  These
t h r e e  compounds r e l a t e d  t o  the  porphyrin  nuc leus  a re  e s p e c i a l l y
importan t  to  th e  o v e ra l l  chemical r o l e  p layed by the  po rphy r in s .
Replacement o f  the  a , f i ,y ,  and S carbons by n i t r o g e n  and fu s ion  o f  a
benzene r in g  on th e  p y r r o l e s  a f fo rd  the  well-known dye,  ph tha lo -  
69cyam ne  46.
4342 45
I M----
44 46
T e t r a ( a r y l ) p o r p h y r i n s  (47) have been widely used as models fo r  
n a t u r a l l y  o ccu r r ing  porphyr ins  because of  t h e i r  ease  of  
p r e p a r a t i o n .  W e s o - t e t r a s u b s t i t u t e d  porphyr in s  were f i r s t  prepared  
by Rothemund, in 1935, by h ea t ing  a mix ture  o f  p y r r o l e ,  an
condensa t ion  has been widely used in th e  p r e p a r a t i o n  o f  numerous
s u b s t i t u t i o n  p a t t e r n .  Because o f  the  p o t e n t i a l  f o r  isomer 
fo rmat ion ,  th e  p r e p a r a t io n  o f  s u b s t i t u t e d  t e t r a ( a r y l ) p o r p h y r i n s  by 
d i r e c t  s u b s t i t u t i o n  o f  a t e t r a p h e n y lp o rp h y r in  has r ece ived  l i t t l e  
a t t e n t i o n .  These macromolecules would be i n t e r e s t i n g  as s t a r t i n g  
m a t e r i a l s  f o r  hemoprotein models , i f  an e f f i c i e n t  r e g i o s e l e c t i v e  
s y n th e s i s  was developed.
i s  regarded as an NH-bridged [18] -annu lene .  The d ian ion  o f  
[16]annulene 48 co r responds ,  both in  geometr ic  and e l e c t r o n i c  
r e s p e c t s ,  t o  th e  c e n t r a l  16-membered r in g  o f  t h e  d ian ion  o f  49. 
S im i l a r l y ,  the  d ian ion  o f  th e  h y p o th e t ica l  [16]annulene  (51) ,
aldehyde,  and p y r id in e  in  a sea le d  tube.^® This "Rothemund"
/n e so - s u b s t i t u te d  porphyr in s which con ta in  a symmetric
47
72Porphycene (55) i s  a new s e r i e s  o f  porphynoid s p e c i e s ,  and
posse ss ing  the  pe r ip h e ry  o f  1 , 6 : 9 , 14-b ismethano[16]annulene (50) ,  
i s  r e l a t e d  to  th e  d ian ion  o f  a s t r u c t u r a l  isomer o f  porphyr in .
. r
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To s y n th e s iz e  porphycene 55, 5 , 5 ' - d i f o r m y l - 2 , 2 ' - d i p y r r o l e  (53) 
was r e f lu x e d  f o r  4 hours with  a s l u r r y  o f  a low -va le n t  t i t a n i u m  
r e ag e n t  in pyridine/THF. An i n t e r e s t i n g  f e a t u r e  o f  t h i s  s y n th e s i s  
i s  t h a t  th e  presumed in t e rm e d ia te  54 r a p i d l y  lose's two hydrogen 
atoms in th e  reducing  environment.  Porphycene (55 ) ,  which sublimes 
above 250°C with  v i r t u a l l y  no decompos it ion ,  d i s s o l v e s  in o rgan ic  
s o lv e n t s  t o  g ive  b lue  s o l u t i o n s  showing r e d - v i o l e t  f lu o re s c e n c e .
*H NMR o f  55 shows an NH tautomerism, r a p id  on th e  NMR t i m e - s c a l e ,  
which i s  s u gges t ive  o f  s t ro n g  in t r a m o le c u la r  N-H**N hydrogen 
bonding,  expected  o f  a p l a n a r  molecule.  According t o  an X-ray
s t r u c t u r e  a n a l y s i s  (F ig .  9 ) ,  55 was cen t ro -symmetr ic  (on the 
average)  and, l i k e  po rphy r in ,  v i r t u a l l y  p la n a r .  I t  i s  no t  p o s s i b l e  
t o  a s s ign  th e  two imino hydrogen atoms unequivoca l ly  to  s p e c i f i c  
n i t ro g e n  atoms.
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Fig. 9. X-ray Crystallographic Structure of Porphycene 55.
I I 1-3 . Xanthoporphinogens
The porphyrinogens (56),  which a re  c o l o r l e s s  c y c l i c
te t r a p y r ry lm e th a n e s  or  meso-hexahydroporphyr ins,  a re  impor tant
p r e c u r s o r s  to  porphyr ins ,  both via  b i o s y n th e s i s  and th e  Rothemund
condensa t ion .  F i she r  developed numerous methods f o r  th e  r ed u c t io n
73o f  porphyr in s  to  porphyr inogens:  sodium amalgam, phosphonium
io d id e ,  and c a t a l y t i c  hydrogenat ion  with  Raney n i c k e l .
74Photo reduct ion  o f  porphyr ins  with mild reducing  ag en t s ,  such as 
EDTA and g l u t a t h i o n e ,  l e ads  to  p h lo r i n s  57, while  s t ro n g  reducing 
agen ts  ( t i t a n o u s  or  chromous c h lo r id e )  r e s u l t  in t h e  format ion of  
porphomethenes ( t e t r a h y d ro p o rp h y r in s ,  58).  Porphyrins  a re  most 
l i k e l y  photoreduced to  th e  porphyrinogen s t a g e  with  a c i d i c  s tannous 
c h l o r i d e  and a s co rb ic  a c id .  However, porphyr inogens  (56) a re  
e a s i l y  r eox id ized  to  the  pa ren t  porphyr ins .
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The f i r s t  documented macrocycle posse ss ing  a p y r ro le
75s u b h e te ro c y c l i c  r in g  was repo r te d  in 1886 by Baeyer via  the  
condensa t ion  o f  p y r ro le  and ace tone in the  presence  o f  mineral  ac id  
t o  g ive  th e  n o n -ox id izab le  ace to p y r ro le  59 in high y i e l d .  
Rothemund^ showed t h a t  a t  l e a s t  t h r e e  o f  the  fou r  C-br idges  are 
a -1 inked  to  the  p y r r o l e ;  the  s t r u c t u r e  o f  59 was l a t e r  reas s igned  
by Brown et a 7 . ^
CH-
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Munich et  a / ,  r e p o r te d  the  format ion o f  t e t r a p y r r o l i c  
d e r i v a t i v e s  c a l l e d  "xanthoporphyr inogens" de r ived  from a range o f
78porphyr in s  upon t r e a tm e n t  with  lead  d iox ide  in a c e t i c  ac id .
These workers cons idered  the  products  to  be t e t r a k e t o n e  60, which
79was confirmed r e c e n t l y  by Inhoffen  e t  a / .  via  X-ray a n a l y s i s .  
K e to t e t r a p y r r o l e s  with o x id a t io n  l e v e l s  between those  o f
80oxophlo r ins  and xanthoporphyr inogens have a l s o  been r e p o r t e d .
60
I I I -4 .  (2,5)Furanophanes
81Continuous i n t e r e s t  in macrocycles co n ta in in g  fu ran  r i n g s
has spaned more than t h r e e  decades ;  however, o f ten  th e  i n c lu s io n  of
th e  furan  r in g  has been merely f o r  s t r u c t u r a l  i n t e r e s t  in which the
work was d i r e c t e d  e lsewhere ,  even though th e  furan  r in g  i s  one o f
th e  impor tan t  h e t e ro c y c le s  in n a tu ra l  p roduc ts .
Of th e  C-br idged furanophanes ,  [2«2](2 ,5 ) fu ranophane  (63) has
been the  most widely i n v e s t i g a t e d .  Genera l ly  th e s e  furanophanes
35are  s y n thes iz ed  by the  1,6-Hofmann e l i m i n a t i o n .  Winberg e t  a l .  
used t h i s  method t o  p repa re  th e  f i r s t  r e p o r te d  [2 » 2 ] (2 ,5 ) fu r a n o -  
phanes via  th e  p y r o ly s i s  o f  (5-methy l-2 - fu r fu ry l) tr imethy lammonium
hydroxide (61) .  The key in t e rm e d ia te  2 ,5 -d im e th y le n e -2 ,5 -d ih y d ro -  
furan  (62) was t rapped  a t  -78°C and upon warming in th e  presence  of  
r a d i c a l  i n h i b i t o r s  62 d imer ized  (73%) to  form 63, as well as a
1 , 6 -coupled polymer posse ss ing  rea rom at ized  fu ran  r i n g s .
61 62
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One o f  the  l a r g e s t  c l a s s e s  o f  f u r a n - c o n t a in in g  macrocycles  i s
82t h a t  o f  tetraoxaquaterene.  [Quaterene denotes  a macrocycle
composed o f  fou r  methylene-br idged  1 , 4 - d i s u b s t i t u t e d  cyc lopen ta -
d i e n e s . ]  A study o f  the  a c i d - c a t a ly z e d  condensa t ion  o f  fu ran  with
numerous a c y c l i c  ketones and aldehydes has been r e p o r te d  by Brown 
82 83and co-workers .  ’ In g e n e r a l ,  when ke tones ,  e . g .  ace tone ,  were 
condensed with  furan  under th e  a p p r o p r i a t e  c o n d i t i o n s  (excess  
f u r a n ) ,  64-67 were g e n e ra te d ;  however, with  excess  ace tone ,  only  67 
was o b ta in e d .  The mechanism o f  t h i s  sequence has been s tu d ie d  in 
d e t a i l  by Brown e t  a 7 I n  g e n e r a l ,  such condensa t ions  have given 
r i s e  t o  predominantly polymeric p ro d u c ts ;  however enhanced y i e l d s  
(ca .  20%) o f  th e  d e s i r e d  macrocycles can be r e a l i z e d  when metal 
ions  a r e  added to  th e  r e a c t i o n  ( th e  t em pla te  e f f e c t ) . ® ^  An
O C a  p
a l t e r n a t i v e  o b s e rv a t io n ,  r e c e n t l y  forwarded ’ by Rest  and 
o t h e r s ® ^ ,  c o r r e l a t e d  t h e  y i e l d  o f  th e  macrocycles,  no t  w ith  the  
metal ion c on ten t  but with  th e  amount o f  added a c i d .  Numerous
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65 66 67
i n t e rm e d ia te s  have been i s o l a t e d ,  which, in c e r t a i n  c a s e s ,  can be 
subsequen t ly  conver ted  t o  the  d e s i r e d  macrocycle,  when sub jec ted  to  
a d d i t i o n a l  a c i d i c  c o n d i t i o n s .
-* n
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n =  1 * 2 . 3
n
68 69
Since c e r t a i n  a n t i b i o t i c  ionophores ,  e . g . ,  a c t i n s ,  n i g e r i c i n ,  
and monensin,  c o n ta in  t e t r a h y d r o f u r a n  u n i t s ,  t e t r a h y d r o f u r a n  was 
thought to  have a p o t e n t i a l  u t i l i t y  as a macrocycli c  chain 
component because o f  i t s  donor a b i l i t y  as well as  i t s  h y d ro p h i l i c  
and l i p o p h i l i c  ba lance .  The s y n th e s i s  o f  th e  t e t r a m e r i c  
t e t r a h y d r o f u r a n - a c e to n e  macrocycle 69 from 68 was r e p o r te d  to  occur 
in a b s o lu t e  e thy l  a lcoho l .® ^3 ’®®
I I 1-5.  (2,5)Thiophenophanes
Although the  chem is t ry  and syn theses  o f  th e  porphyr in  r in g
system have been i n t e n s i v e l y  i n v e s t i g a t e d  f o r  more than  a cen tu ry ,
few r e p o r t s  have appeared r ega rd ing  i t s  th iophene  i s o s t e r s .
P y r ro le  and fu ran  when t r e a t e d  with  ace tone  and h y d ro ch lo r i c  ac id
genera ted  porphyrinogen and t e t r a o x a q u a t e r e n e ,  r e s p e c t i v e l y ;
however, i n i t i a l  a t t em p ts  to  p repa re  t e t r a t h i o q u a t e r e n e  77 in an
83canalogous manner f a i l e d .
The f i r s t  s y n th e s i s  o f  th iophene  i s o s t e r  73 o f  the
87porphyrinogen system was r ep o r te d  by Ahmed and Meth-Cohn by the  
a c t i o n  o f  n-BuLi under high d i l u t i o n  c o n d i t i o n s .  However, the  
i n t e r a c t i o n  o f  d i l i t h i o d i t h i e n y l m e t h a n e  71 with  methyl formate 
f a i l e d  t o  a f f o r d  th e  d e s i r e d  p roduc t ;  thus  t o  e l im i n a t e  the  
p o s s i b i l i t y  o f  b r idge  m e t a l l a t i o n ,  d i - 2 - t h i e n y lp r o p a n e  (70,  R=H) 
was used.  With t h e  co rresponding  d i l i t h i o  d e r i v a t i v e  71, th e  
diformyl 72 y i e ld e d  (4.2%) d ih y d roxy te t ram ethy l th iapo rphy r inogen  
(73 ) ,  while  74 gave (2.5%) th e  co rresponding  hexamethyl analogue
L70
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75. I s o l a t i o n  (0.8%) o f  d i o l e f i n  76 could be a t t r i b u t e d  to
dehydra t ion  o f  a lcohol  75 dur ing  chromatography over  s i l i c a  g e l .
The ' o n e - s t e p , ' s i m p l e  a c i d - c a t a ly z e d  cyc locondensa t ion  of
th iophene  with  ace tone under r ig o ro u s  c o n d i t io n s  with  mineral  ac id
88t o  give  77 has been r e p o r t e d .
Q
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I I I - 6 . (2 ,6 )P yr id inophanes
There i s  abundant ev idence t h a t  p y r id in e  i s  an 
e l e c t r o n - d e f i c i e n t  aromatic  molecule,  with  a resonance energy 
comparable to  t h a t  o f  benzene.  I t s  chemis try  does not  resemble 
t h a t  o f  benzene in t h a t  t h e r e  a re  many impor tan t  d i f f e r e n c e s  which 
a r e  due to  th e  presence  o f  th e  r in g  n i t ro g e n  atom ( d e t a i l s  in Chap 
IV).
The f i r s t  (2 ,6 )py r id inophane  s tu d ie d  was t h a t  o f  9 -m e thy l [10] 
(2 ,6 )py r id inophane  (78, t r i v i a l  name "muscopyr id ine") .  This
subs tance ,  the  most widely  known n a t u r a l l y - o c c u r r i n g  p y r id in e
62macrocycle ,  f i r s t  i s o l a t e d  in 1947 by Prelog  e t  a / .  from the
scene gland o f  the  musk d e e r ,  was subsequen t ly  s y n thes iz ed  in 1957
89via  a m u l t i s t e p  s y n t h e s i s  by Btichi, et  a l . from cyclododecanone.
4 s t e p s
78
The on e - s tep  c o n s t r u c t io n  o f  racemic muscopyridine has been 
accomplished via  cyc locoupl ing  the  d i -G r igna rd  o f  2 -methy l -1 ,10 -  
dibromodecane with  2 , 6 -d ic h l o r o p y r id in e  in the  p resence  o f  a
90c a t a l y t i c  amount o f  a n ic ke l  phosphine complex [N i(dppp)C lg ] • 
This cyc locoupl ing  was a l s o  success fu l  in the  p r e p a r a t io n  o f  
s eve ra l  o th e r  [N ](2 ,6 )pyr id inophanes  (79).
c C l N i ( d p p p ) C l 2
79
A l t e r n a t i v e l y ,  a p y r id in e  subr ing  can be p repared  from
p re c u r s o r s  t o  th e  pyridyl ium s a l t ,  i . e . ,  1 , 5 -d i k e to n e s .  1 ,5-Cyclo-
dodecanedione (81), prepared  from boraperhydrophenalene (80), with
91hydroxylamine genera ted  th e  [ 7 ] (2 ,6 )py r id inophane  (82).
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The s y n th e s i s  o f  multimembered pyr id inophanes ,  [ 2 . 2 ] ( 2 , 6 ) -
92pyr id inophane (84) was f i r s t  r epo r te d  by Baker e t  a l . through
c y c l i z a t i o n  o f  l , 2 - b i s ( 6 ' - b ro m o m e t h y l - 2 ' - p y r i d y l ) e t h a n e  (83) by
a c t io n  o f  e i t h e r  n - b u t y l 1 i th ium in e t h e r  or  pheny l l i th ium  in
b e n z e n e /e th e r .  [ 2 . 2 ] (2 ,6 )Pyr id inophane  (84) was a l s o  prepared  in a
s i m i l a r  manner via  t r e a tm e n t  o f  the  corresponding  dibromide 85 with 
94b u t y l l i t h i u m .
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S u l fu r  e x t ru s i o n s  may f a l l  under th e  more genera l  c l a s s  of
33asymmetry-contro l led  p ro c e s s e s ,  known as c h e l e o t r o p i c  r e a c t i o n s ;
however, th e  concer ted  process  r e q u i r e s  a p r e c i s e  l o c a t io n  of
33 94double  bonds with  r e s p e c t  to  the  s pec ie s  being ex t ruded .  ’
Since c a r b o n - s u l f u r  br idged  macrocycles 86 were e a s i l y  prepared  by
33s t a n d a rd  b as ic  c o n d i t i o n s ,  t h e i r  convers ion  t o  the  C-bridged 
s p e c i e s  was im por tan t .  Three d i f f e r e n t  syn theses  o f  pyrid inophanes  
from d i th ia c y c lo p h a n e  p r e c u r s o r s  by S -expu ls ion  have been 
r e p o r t e d . 33,94
a) Thermal expu l s ion  o f  s u l f u r  d io x id e  from t h e  cor responding
s u l f o n e ,  c a l l e d  " su l fone  p y r o l y s i s " ,  has been expanded in t o  a
g e n e r a l l y  a p p l i c a b l e  method, even p e rm i t t in g  th e  s y n th e s i s  o f
s t e r i c a l l y  s t r a i n e d  medium- and multi-membered c y c l i c  and
95p o ly c y c l i c  systems co n ta in in g  aromatic r i n g s .  For example,  
b / s - s u l f o n e  87, which was prepared  from 86 via  o x id a t io n ,  can be 
conver ted  in t o  [2*2 ] (2 ,6 )py r id inophane  (84) by th e  use o f  high 
te m pera tu re  a t  low p r e s s u r e . 9®
SOSO
86 87 *4
b) The tw o-s tep  e x t ru s i o n  o f  s u l f u r  by a S teve ns '
rea r rangem en t ,  fol lowed by a Hoffmann e l i m i n a t i o n ,  was re p o r te d  by
97Boekelheide and Lawson f o r  the  p r e p a r a t i o n  o f  89, in  which 
i n i t i a l l y  2 , 6 - b 7s (bromomethylJpyr id ine (88 ) with  sodium s u l f i d e  
gave a d i t h ia [3 * 3 ]p y r id in o p h a n e  (86) .  Subsequent  d im e th y la t io n  of  
86 us ing  Meerwein's r eage n t  ( t r imethyloxonium t e t r a f l u o r o b o r a t e )
a f fo rd e d  the  crude methy la ted  produc t  89,  which upon t r e a tm e n t  with
pota ss ium t -b u to x id e  e f f e c t e d  a S teve ns '  rear rangement to  g ive  90.
M od i f ic a t ion  of  t h i s  tw o-s tep  procedure by us ing 2 , 6 - d i ( t e r t -
b u ty l Jphenox ide ,  as th e  base,  gave r i s e  t o  91. The s p e c t r a l  d a t a ,
94o b ta in ed  f o r  the  i s o l a t e d  p roduc t ,  i n d i c a t e d  t h a t  t h i s  cyclophane 
e x i s t s  as  91 and not as i t s  valence  tautomer  92. S tu d ie s  a l so  
showed t h a t  under aqueous a c i d i c  c o n d i t i o n s ,  91 ac ted  as a normal 
base and t h a t  t h e r e  was no in d i c a t i o n  o f  an a c i d - c a t a ly z e d  
v a l e n c e - t a u to m e r i z a t i o n  t o  92.
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c) The i r r a d i a t i o n  o f  s u l f i d e s  in  t h e  p resence  o f  a t r i a l k y l  - 
phosph i te  promotes photochemical  S - e x t ru s io n  from a s u l f i d e .  This
approach may be the  most convenien t  s y n t h e t i c  method fo r  py r id ino -
phanes,  as  demonstrated by the  i r r a d i a t i o n  o f  86 in t r imethoxy-
98phosph i te  a t  25°C to  gen e ra te  84. With th e  s i m i l a r  procedure ,
th e  s y n th e s i s  o f  93 was succeeded by i n i t i a l  format ion o f  the
c y c l i c  s u l f i d e s ,  then S -e x t ru s io n  by i r r a d i a t i o n  in the  presence  of  
99t r i e t h y l p h o s p h i t e .
8486
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Recently ,  an e l e g a n t  s y n th e s i s  f o r  the  c o n s t r u c t io n  o f  
2 - p y r i d y l - 2 ( l / / ) - p y r i d y l i d e n e a c e t o n i t r i l e  (95)*®® was r ep o r te d  in 
which the  sodium s a l t  o f  a-cyanoacetamide  in DMF was r e a c te d  with 
6 , 6 ' - d i b r o m o - 2 , 2 ' - b i p y r i d i n e  (94).*®* Red dicyano macrocycle 95 
could be hydrolyzed and deca rboxyla ted  with 70% s u l f u r i c  ac id  to  
g ive  d a rk - red  t e t r a a z a  96. A lk y la t io n  o f  95 was accomplished 
s u c c e s s f u l l y  by t r ea tm e n t  with  1- iodobutane  and sodium hydr ide to
52
a f fo rd  (30%) c o l o r l e s s  d ibu ty l  dicyano 97; subsequent  t r ea tm e n t  of 
97 with  70% s u l f u r i c  ac id  provided (60%) red d ib u ty l  98. I t  i s  
noteworthy t h a t  whi le  t e t r a s u b s t i t u t e d  97 i s  c o l o r l e s s ,  the  o th e r  
macrocycles (95,  96, and 98) are favored f o r  deep- red  f u l l y  
con jugated  methine forms ( d e t a i l s  in Chap. V I I ) .
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IV. N1tr11e-Stabi1ized Nucleophiles
IV-1.  N u c le o p h i l i c  S u b s t i t u t i o n  on Pyr1d1nes
P y r id in e  i s  th e  most e l e c t r o n - r i c h  o f  th e  e l e c t r o n - d e f i c i e n t  
h e t e r o c y c l e s .  I t  has a high resonance energy and i t s  s t r u c t u r e  
c l o s e l y  resembles  t h a t  o f  benzene.  The p resence  o f  t h e  r in g  
n i t r o g e n  atom does ,  o f  co u r s e ,  r e p r e s e n t  a major p e r t u r b a t i o n  of  
t h e  benzene s t r u c t u r e . ^  The lone  p a i r  in  th e  p lane  o f  t h e  r in g  
p rov ides  a n u c l e o p h i l i c  s i t e  f o r  p r o to n a t io n  and a l k y l a t i o n ,  which 
has no analog  in benzene.  Many o f  the  p r o p e r t i e s  o f  p y r id i n e  a re  
th o s e  o f  a t e r t i a r y  amine and thus  never d i r e c t l y  invo lve  the  
a rom at ic  s e x t e t .  The o t h e r  major in f lu e n c e  o f  th e  n i t r o g e n  atom i s  
t o  d i s t o r t  th e  e l e c t r o n  d i s t r i b u t i o n  in both th e  ir-bonding system 
and o-bonds ( v i a  an in d u c t iv e  e f f e c t ) .  This  con fe r s  on th e  r i n g ,  
p o l a r i z a t i o n  s i m i l a r  to  t h a t  a s s o c i a t e d  with  con juga ted  imines or  
con juga ted  carbonyl compounds. The d i s t o r t i o n  o f  e l e c t r o n  
d i s t r i b u t i o n  i s  g r e a t e r  s t i l l  in qua te rna ry  pyr id in ium s a l t s .
I t  i s  conven ien t  t o  c l a s s i f y  r e a c t i o n s ®0 o f  p y r id i n e s  and
pyr id in ium s a l t s  accord ing  to  ana log ie s  to  those  o f  t h r e e  model
88ty p e s :  (a)  T e r t i a r y  amines:  r e a c t i o n s  a t  th e  /IMone p a i r ,
in c lu d in g  p r o to n a t i o n ,  a l k y l a t i o n ,  a c y l a t i o n ,  N-oxide fo rmat ion ,  
and c o o r d in a t io n  to  Lewis a c i d s ;  (b) Benzene: s u b s t i t u t i o n  
r e a c t i o n s  and r e s i s t a n c e  t o  a d d i t i o n  and r in g -o p e n in g ;  (c)  
Conjugated imines o r  carbonyl compounds: s u s c e p t i b i l i t y  to
n u c l e o p h i l i c  a t t a c k  a t  th e  a - p o s i t i o n s .  This l a s t  analog  has 
im por tan t  consequences f o r  t h e  n a t u re  and type  o f  s u b s t i t u t i o n  t h a t  
p y r id i n e s  can undergo.
102E l e c t r o p h i l i c  s u b s t i t u t i o n ,  which t y p i f i e s  benzene 
chem is t ry ,  i s  no t  common with  p y r i d i n e s .  F i r s t ,  t h e  k i n e t i c  
r e a c t i o n  p roduc t  o f  p y r id i n e  with  an e l e c t r o p h i l e  i s  t h a t  in which 
th e  e l e c t r o p h i l e  i s  / / - coo rd ina ted .  This  makes e l e c t r o p h i l i c  
s u b s t i t u t i o n  a t  carbon even more d i f f i c u l t ,  because f u r t h e r  
r e a c t i o n  has t o  t a k e  p la ce  . e i t h e r  on th e  pyr id in ium s a l t  o r  on the  
uncomplexed p y r i d i n e ,  which may be p r e s e n t .  Second, C -a t t a c k  o f  an 
e l e c t r o p h i l e  i s  s e l e c t i v e ;  i t  tends  t o  go mainly a t  th e  
/3 -p o s i t io n s ,  which have th e  g r e a t e s t  i r - e l e c t ro n  d e n s i t y  ( see  Chap. 
I I I ) .  A t tack  a t  th e s e  0 - p o s i t i o n s  a l s o  l e ad s  t o  t h e  fo rmat ion  o f  
i n t e r m e d i a t e s ,  which a re  d e s t a b i l i z e d  by th e  p resence  o f  th e  r in g  
n i t r o g e n .  This  i s  analogous t o  the  p r e f e r r e d  meta—s u b s t i t u t i o n  o f  
d e a c t i v a t e d  benzene d e r i v a t i v e s ,  such as n i t r o b e n z e n e ,  by 
e l e c t r o p h i l e s .
Even though n u c l e o p h i l i c  s u b s t i t u t i o n  i s  not  a common process  
in  benzene chem is t ry ,  i t  occurs  e a s i e r  in  p y r i d i n e s ,  p a r t i c u l a r l y  
a t  t h e  a -  and 7 - p o s i t i o n s ,  which a r e  a c t i v a t e d  by th e  r in g  
n i t r o g e n .  Thus, n u c l e o p h i l i c  d isp lacement  o f  a good l e av in g  group 
inc luding hydrogen by an a d d i t i o n - e l i m i n a t i o n  mechanism occurs  most 
r e a d i l y  f o r  l e a v in g  groups a t  th e  a -  and 7 - p o s i t i o n s .  As a 
consequence o f  t h e i r  w - d e f i c i e n t  n a t u r e ,  p y r id i n e s  undergo 
n u c l e o p h i l i c  s u b s t i t u t i o n  more r e a d i l y  than  benzene.
IV-2. N i t r i l e -S t a b i l i z e d  Carbanlons
The u t i l i z a t i o n  o f  c a rb a n io n s ,  which a re  s t a b i l i z e d  by var ious
e l e c t ro n -w i th d ra w in g  groups ,  t o  e f f e c t  C-C-bond format ion  i s
im por tan t  in  o rg an ic  s y n t h e s i s .  Among th e s e  ca rb a n io n s ,
d e p ro to n a t io n  o f  primary  o r  secondary  n i t r i l e s  w ith  an a r r a y  of
d i f f e r e n t  bases  c o n s t i t u t e s  th e  most conven ien t  method f o r
g e n e r a t in g  mono-a-anions o f  n i t r i l e s .  Successfu l  a d d i t i o n  and
s u b s t i t u t i o n  r e a c t i o n s  o f  n i t r i l e s  depend c r i t i c a l l y  on th e
g e n e r a t io n  o f  th e  n i t r i l e - s t a b i l i z e d  ca rban ion  r e p r e s e n t e d
t y p i c a l l y  by th e  ta u to m er ic  s t r u c t u r e s  99a and b.  This  b r i e f
s e c t i o n  focuses  on th e  r e a c t i o n s  o f  n i t r i l e - s t a b i l i z e d  
103ca rban ions  with  an a r r a y  o f  C - e l e c t r o p h i l e s .  S ince  d e t a i l e d
s t u d i e s  on th e  a c i d i t y  o f  va r ious  n i t r i l e s  a re  a v a i l a b l e  only  in
104 105dimethyl  s u l f o x id e  s o l u t i o n ,  ’ the  fo l lowing  d i s c u s s io n  
focuses  on compari s ions  in  t h a t  s o lv e n t .
Although a c e t o n i t r i l e  (pK_ 31 .3)  i s  a r e l a t i v e l y  weak ac id  ind
comparis ion t o  o t h e r  carbon a c id s  bear ing  e l e c t ro n -w i th d ra w in g  
groups ,  v a r io u s  s u b s t i t u e n t s  e x e r t  a d ram at ic  i n f l u e n c e  on pKfl 
v a l u e s .  The i n t r o d u c t i o n  o f  a d d i t i o n a l  phenyl groups s u b s t a n t i a l l y  
lowers th e  pK va lues  as shown in Table 1: 9 -cyano f luo rene  <
d
99 a 99 b
d i p h e n y l a c e t o n i t r i l e  < p h e n y l a c e t o n i t r i l e  < a c e t o n i t r i l e .  The 
magnitude o f  the  pK, d i f f e r e n t i a l  between p h e n y l a c e t o n i t r i l e  and 
a c e t o n i t r i l e  i s  co n s id e ra b ly  g r e a t e r  than th e  d i f f e r e n c e  o f  pK, f o rd
104cp h e n y l - s u b s t i t u t i o n  in n i t romethane  or  acetophenone.  This 
l a r g e  d i f f e r e n t i a l  in th e  a c e t o n i t r i l e  s e r i e s  i s  a s c r ib e d  to  l e s s  
n e g a t iv e  charge r e s i d i n g  a t  the  n i t ro g e n  atom in th e  a c e t o n i t r i l e  
anion than  a t  the  more e l e c t r o n e g a t i v e  oxygen atom in the  
n i t romethane  or  acetophenone an ions .  The a d d i t i o n  o f  a second 
phenyl group e x e r t s  a l e s s  dramatic  e f f e c t ,  as  a r e s u l t  o f  s t e r i c  
i n h i b i t i o n  o f  resonance .  [Other ( h e t e r o ) a r y l s u b s t i t u t e d  
a c e t o n i t r i l e s  possess  a c i d i t i e s  comparable to  p h en y lace to ­
n i t r i l e . ]
Table 1. A c id i ty  o f  N i t r i l e s  in Dimethyl Su l fox ide  S o lu t io n .
Pka
P r o p i o n i t r i l e 32.5
A c e t o n i t r i l e 31.3
2 - P h e n y l p r o p i o n i t r i l e 23.0
P h e n y l a c e t o n i t r i l e 21.9
2 - F u r y l a c e t o n i t r i l e 21.3
2 - T h i e n y l a c e t o n i t r i l e 21.1
1-Naphthylacetoni  t r i 1e 20.8
2 - N a p h t h y l a c e t o n i t r i l e 20.6
Di phenylace toni  t r i 1e 17.5
9-Cyanofluorene 8 .3
In c o n t r a s t  to  phenyl groups ,  methyl s u b s t i t u t i o n  in 
a c e t o n i t r i l e  decreases t h e  a c i d i t y  o f  th e  a-hydrogens ,  as 
i l l u s t r a t e d  by comparision o f  a c e t o n i t r i l e  and p r o p i o n i t r i l e  or  
p h e n y l a c e t o n i t r i l e  and 2 - p h e n y l p r o p i o n i t r i l e .  Th i s  d e s t a b i l i z i n g
in f l u e n c e  o r i g i n a t e s  in t h e  in d u c t iv e  e l e c t r o n  r e l e a s e  from methyl,
2 104cr e l a t i v e  t o  hydrogen,  t o  t h e  sp -carbon o f  th e  an ion .  This
r e s u l t  p a r a l l e l s  the  sugges ted  dec rease  in  the  r a t e  o f
d e p ro to n a t io n  o f  n i t r i l e s :  CH^ CN > CH^ CHgCN > (CH^JgCHCN and
c o n t r a s t s  with  the  in v e rs e  r e l a t i o n s h i p  f o r  r a t e s  o f  pro ton
105a b s t r a c t i o n  and a c i d i t y  f o r  s i m i l a r l y  s u b s t i t u t e d  n i t rom ethanes .  
Such f in d i n g s  underscore  the  d i f f i c u l t i e s  in a s s ig n in g  r e l a t i v e  
ar-carbanion s t a b i l i t i e s  from k i n e t i c  measurements a lone .
IV-3.  N i t r i l e - S t a b i l i z e d  Nucleophi les
The r e a c t i o n s  o f  n i t r i l e - s t a b i l i z e d  a -c a rb a n io n s  a re  grouped 
accord ing  to  the  n a tu re  o f  s u b s t i t u e n t s ,  such as a l k y l ,  a lk e n y l ,  
a lk y n y l ,  and a ry l  groups as well as va r ious  o - o r i e n t e d  ha logen- ,  
oxygen-,  n i t r o g e n - ,  s u l f u r - ,  and se le n ium -con ta in ing  groups .  The 
e f f e c t *®*3 o f  common e lec t ron -w i thd raw ing  groups on ca rbanion  
s t a b i l i t y  i s  hence on the  a c i d i t y  o f  the  con jugated  a c i d s ,  thus :
N02 »  RCO > RS02 > CN.
S e l e c t io n  o f  an a p p r o p r i a t e  base f o r  a given pKa range gua ran ­
t e e s  a high c o n c e n t r a t i o n  o f  the  r e q u i s i t e  n i t r i l e - s t a b i l i z e d  
ca rban ion  and minimizes s id e  r e a c t i o n s  t h a t  can in t e rv e n e  when the  
n i t r i l e  and i t s  anion c o e x i s t  in s o l u t i o n .  Since th e  pK, o f  thecl
n i t r i l e s  span over  20 pK, u n i t s ,  t h e  base i s  u s u a l l y  s e l e c t e d  to
a
r e f l e c t  t h e  a c i d i t y  range o f  th e  p a r t i c u l a r  n i t r i l e .  In g e n e ra l ,
with  the  most a c i d i c  n i t r i l e s  inc lud ing  th e  ( h e t e r o ) a r y l a c e t o -
n i t r i l e s ,  weak bases ,  in p a r t i c u l a r  sodium hydroxide under
p h a s e - t r a n s f e r  c o n d i t i o n s ,  a re  adequate f o r  d e p ro to n a t io n .  The
l e s s  a c i d i c  a l i p h a t i c  n i t r i l e s  g e n e r a l l y  r e q u i r e  a l k a l i  metal
103amides and metal a l k y l s ,  as  bases .
C-Alky la t ion  o f  4 - c h l o r o p h e n y l a c e t o n i t r i l e  (100) with 
4 -ch lo ro n i t ro b e n z e n e  us ing  KOH in p y r id in e  was i n v e s t i g a t e d  by 
Davis and P i z z i n i . 106 Alkyl (o r  a r y l )  metal r eag e n ts  were 
g e n e r a l l y  used t o  metal a t e  n i t r i l e s .  The i r  use may be complica ted 
by com pe t i t ive  a d d i t i o n  o f  the  o rganom e ta l l i c  r e a g e n t  to  the  
n i t r i l e  m o i e t y . I n  g e n e r a l ,  success fu l  a l k y l a t i o n s ,  as 
i l l u s t r a t e d  by p r e p a r a t i o n  o f  101 , us i ng organometal 1 ic  
r e a g e n t s ,  as bases ,  involved  the  p r e p a ra t io n  o f  t e r t i a r y  n i t r i l e s  
and employed low tem pera tu res  to  avoid com pe t i t ive  n i t r i l e  ad d i t io n  
r e a c t i o n s .
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a-Carbanion format ion  o f  2 - p y r i d y l a c e t o n i t r i l e  (102) has been 
r e p o r te d  by Gutsche and Voges.*®® When 102 was hea ted  with
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e t h a n o l i c  e th o x id e ,  i t  was conver ted  to  a dimer 103a (presumably 
tau tomer  103b was a l s o  p r e s e n t  but  not  comple te ly  c h a r a c t e r i z e d ) .  
Trea tment o f  102 with  a c e t i c  a n h y d r i d e / a c e t i c  ac id  gave 104; the  
t a u to m er i c  e q u i l i b r i u m  between 104a and 104b was dependant  on pH. 
An e thy l  d e r i v a t i v e  105 was formed when th e  s i l v e r  s a l t  o f  104 was 
t r e a t e d  with  e thy l  io d id e .  When 102 was hea ted  with  ace ta ldehyde  
and a base ,  i t  underwent the  expected  Knoevenagel r e a c t i o n  to  g ive  
106.
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As p a r t  o f  t h e i r  s t u d i e s  invo lv ing  th e  s t r u c t u r e  and
109r e a c t i v i t y  o f  n i c o t i n e  and va r ious  ana logues ,  Sanders e t  a l . 
t r e a t e d  a-cyanoamine 107 (from 2-pyr id ineca rboxa ldehyde ,  
p y r r o l i d i n e ,  and KCN) with  NaH and CHjI t o  g ive  108, which 
underwent subsequent  r e d u c t iv e  c leavage  with  BHj t o  g e n e ra te  109.
^ 5
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2 , 6 - P y r i d i n e a c e t o n i t r i l e  (110) was condensed with  benzaldehyde 
t o  a f fo rd  111; no y i e l d  and isomer d a t a  were repor ted .**® Under th e  
same c o n d i t i o n s ,  110 r e a c te d  with te re p h th a l a ld e h y d e  t o  a f fo rd  
polymers.
NC ■CN
110 N q O E t
DMF
CN CN
•CHD
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Although n u c l e o p h i l i c  s u b s t i t u t i o n  with  2 - p y r i d y l a c e t o n i t r i l e  
has not  been i n v e s t i g a t e d  t o  any g r e a t  e x t e n t ,  a c e t o n i t r i l e ,  as a
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n u c l e o p h i l i e  r e ag e n t  has been s tu d ie d  s y s t e m a t i c a l l y . 1 ^ ,1 1 1
Success fu l  monoalkyl a t  ion o f  a c e t o n i t r i l e  i n i t i a l l y  u t i l i z e d  s trong
bases ,  such as a l k a l i  metal hyd r ide s ,  amides,  d i a lk y l  amides, or
b j s ( t r i m e t h y l s i l y l ) a m i d e s ,  to  g e n e ra te  high c o n c e n t r a t i o n s  o f  the
r e q u i s i t e  n i t r i l e  an ions ,  then r e a c t i v e  pr imary o r  secondary  alkyl
h a l i d e s  were used t o  i n t e r c e p t  th e  d e s i r e d  ca rban ion .
A lk a l in e  metal a c e t o n i t r i l e  anions were used as n u c l e o p h i l e s
102 112in  t h e  r e a c t i o n  with  2 -bromopyridine (or  2 - c h l o r o q u i n o l i n e ) . ’
A c h a r a c t e r i s t i c  f e a t u r e  o f  th e s e  a c e t o n i t r i l e  d e r i v a t i v e s  was t h a t
th e  a c i d i t y  o f  th e  a -p ro to n  led  to  the  format ion o f  the  dominant
ta u tom er ,  a m e s o m e r i c a l l y - s t a b i l i z e d ,  co lo red  form, by i n t r a -
3 2molecu la r  pro ton  s h i f t ,  fol lowed by r e h y b r i d i z a t i o n  o f  sp to  sp .
113D i r e c t  NMR s p e c t ro s c o p ic  evidence f o r  th e s e  methine tautomers
was shown f o r  b i s ( 2 - p y r i d y l ) a c e t o n i t r i l e  (112),  s in c e  th e  N-H
13proton  was observed a t  616.3 ppm and the  C NMR o f  methine br idged 
carbon appeared a t  667.5 ppm ( d e t a i l s  in Chap. V I I ) .
CN
NqNH2/C I^ CN |j
II
X -  C l . B r 112
CN
V. Proposed Research
Xanthoporphyrinogen (60) i s  a ye l low,  t e t r a o x y g e n a te d  product
formed by o x id a t io n  o f  po rphyr ins  with  lead  d io x id e .  Although 
78F is c h e r  and Orth d i s c u s s e d  th e  te traoxophorphyr inogen  (113),  as a
79p o s s i b l e  s t r u c t u r e ,  i t  was only  20 y e a r s  ago t h a t  Inhoffen  e t  a l . 
was ab le  t o  conf irm i t s  s t r u c t u r e  by X-ray a n a l y s i s .  The 
d i f f i c u l t i e s  in a s s ig n in g  a s t r u c t u r e  to  113 was mainly  due to  the  
puzz l ing  chem is t ry  o f  th e  molecule,  s in c e  (a)  s t e r i c  h indrance  of  
the  ne ighbor ing  0 - p y r r o l i c  s u b s t i t u e n t s  i n t e r f e r e s  with  
d e r i v a t i z a t i o n  o f  the  meso-carbonyl groups;  (b) s t rong  b inding  of
two wate r  (o r  s o lv e n t )  molecules  were observed in th e  c l a t h r a t e -
114 115type  c r y s t a l s ;  and (c)  d i f f e r e n t i a l  r ed u c t io n  o f  two, t h r e e
or  fou r  o f  th e  carbonyl groups was exper ienced .
- H  H-- H  H-
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We were i n t e r e s t e d  in  p re p a r in g  analogues  o f  p o rphy r in s ,  in 
which one o r  more o f  th e  p y r r o l e  s u b u n i t s  were s u b s t i t u t e d  by 
p y r i d i n e .  The b a s i c  xanthoporphyr inogen  framework was s e l e c t e d  
because connec t ion  o f  t h e  2 , 6 -p y r id i n o  su b u n i t s  w ith  carbonyl 
groups  o f f e r e d  c o n s id e r a b l e  s t r u c t u r a l  s i m i l a r i t y  t o  th e  n a t u r a l l y  
o c c u r r in g  systems and th e  s y n t h e t i c  des ign  o f f e r e d  i n t e r e s t i n g  
c h a l l e n g e s .  F u r th e r ,  t h e  carbonyl f u n c t i o n a l i t y  can undergo a wide 
range o f  r e d u c t i v e  t r a n s f o r m a t i o n s ,  thus  analogs with  s u b s t i t u e n t s  
in  th e  o t-pos i t ion  a re  r e a d i l y  a c c e s s i b l e .
The s im p le s t  member o f  t h i s  s e r i e s  i s  a d ik e to n e  114; however, 
an 8 -membered medium s i z e  r in g  was p r e d i c t e d  t o  impose c o n s id e ra b le  
s t r a i n  energy on t h i s  molecule .  A more r e a l i s t i c  s y n t h e t i c  t a r g e t  
i s  th e  next  h ighe r  homolog - t r i k e t o n e  115; i t s  t h r e e  h e t e r o c y c l i c  
( 2 , 6 -p y r id i n o )  r i n g s  a re  se p a ra t e d  from one ano the r  by p o l a r i z e d ,  
t r i g o n a l  carbon atoms,  and consequen t ly  the  c e n t r a l  c a v i t y  i s  
e l e c t r o n  r i c h .  Thus, 115 should be a very  e f f e c t i v e  p ro ton  sponge 
and e x c e l l e n t  model t o  e v a l u a t e  t h e  e f f e c t  o f  jux taposed  d i r e c t e d  
p a i r s  o f  t f - e l e c t r o n s .  I n s p e c t io n  o f  a CPK m olecu la r  model o f  115
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i n d i c a t e s  t h a t  i t  w i l l  probab ly  be p l a n a r  o r  n e a r l y  so and an ideal  
s t r u c t u r e  t o  probe the  e l e c t r o n i c  a n d /o r  s t e r i c  e f f e c t s  w i th in  a 
h ig h ly  e l e c t r o n - r i c h  c a v i t y .  The only  c l o s e  r e l a t i v e  o f  115 i s  the  
t r i s u l f i d e  1 1 6 ,116 which was found t o  have a nonp lanar  C$ 
confo rm at ion ,  due p r i m a r i l y  t o  th e  c o n s t r a i n e d  C-5-C bond ang les .
I t  i s ,  however, no t  c l e a r  whether t h i s  n o n p la n a r i t y  i s  a l s o  in  p a r t  
a r e s u l t  N- lone  p a i r  e l e c t r o n  r e p u l s i o n  o r  t h e  small C-S-C ang le  
(101 .9*)  imposed by th e  s u l f u r  b r id g e s .
Another s t r u c t u r a l l y  s i m i l a r  l i g a n d ,  ( t r i b e n z o [ b , f , j ] [ l , 5 , 9 ] -  
t r i a z a c y c lo d u o d e c i n e )  117 was s y n th es iz ed  by Busch e t  al  . 117a‘ c via  
cyc locondensa t ion  o f  2 -aminobenzaldehyde in  t h e  p resence  o f  c o b a l t  
i o n s .  Although the  m olecu la r  model o f  118 i n d i c a t e s  t h e r e  should 
be a c l o s e  s t r u c t u r a l  r e l a t i o n s h i p  between 115 and 117, d e t a i l e d  
s t u d i e s ^ 7c* i n d i c a t e  t h a t  117 i s  a n o n -p lan a r ,  h ig h ly  f l e x i b l e  
s p e c i e s .
117 118116
118In 1978, Newkome e t  a l . r e p o r t e d  th e  s y n t h e s i s  o f  115 and 
dem onst ra ted  t h a t  i t  d i s p l a y s  some o f  t h e  c h a r a c t e r i s t i c  s t r u c t u r a l  
f e a t u r e s  o f  t h e  p o rp h y r in s .  (Scheme 3) However, t h e  y i e l d s  o f  the
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Scheme 3.
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cy c locondensa t ion  s t e p  t o  g e n e ra te  t r i k e t o n e  p r e c u r s o r s  (119 and
120) were very low. These d e c re a s e d  y i e l d s  o f  119 and 120 probab ly
a r o s e  due t o  unwanted i n t r a m o l e c u la r  complexat ion  o f  th e  imine s a l t
w i th  t h e  py r idy l  n i t r o g e n ,  which forms a co n fo rm a t io n a l ly
u n fa v o ra b le  o r i e n t a t i o n ,  in  which each n i t r o g e n  o f  p y r id in e  r in g s
was o r i e n t e d  a n t i  t o  one o f  th e  d ioxo lane  oxygens.  The major 
119p ro d u c t s  were l i n e a r  polymers o f  undetermined c h a r a c t e r .
M e ta l a t i o n  o f  a c e t o n i t r i l e  in c lu d in g  i t s  d e r i v a t i v e s  a t  high
t e m p era tu re  and subsequen t  r e a c t i o n  with  bromopyridines  would
120g e n e r a t e  t h e  favo rab le  in t e r m e d i a t e s  (121 and 122) nece ssa ry  fo r  
c o n d e n s a t io n .  An a p p l i c a t i o n  o f  t h i s  n u c l e o p h i l i c  s u b s t i t u t i o n  a t  
e l e v a t e d  t em pera tu re  f o r  t h e  s y n th e s i s  o f  115 (as  o u t l i n e d  in 
Scheme 4) would have an obvious advantage;  t h a t  i s  a fa v o ra b l e  
syn- o r i e n t a t i o n  f o r  cyc locondensa t ion .
N a H /D M F
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Scheme 4.
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The i n i t i a l l y  a t tempted  procedure was analogous t o  t h a t  
employed in t h e  s y n th e s i s  o f  121 and 122 , in  which mono-a-1 i t h i a -  
t i o n  o f  a c e t o n i t r i l e  a t  80*C and subsequent  r e a c t i o n  with  b i s -k e ta l
l i p  1 1 Q
123 * should produce 124. Subsequent h y d r o ly s i s  and o x id a t io n
o f  124 should a f f o r d  th e  d e s i r e d  t r i k e t o n e  115.
T e t ra k e to n e  125 po s se s s e s  a 16-membered in n e r  co re  analogous 
t o  th e  t e t r a p y r r o l i c  d e r i v a t i v e  c a l l e d  "xan thoporphyr inogen" . 
Numerous q u e s t i o n s  concern ing  th e  o x id a t io n  s t a t e  o f  t h i s  
" p y r id y l " - p o r p h y r in  needed t o  be d e f ined  and cons ide red  in terms of  
p l a n a r i t y ,  l i g a n d  charge ,  comparable chromophoric j r - e l ec t ro n  
l o c a l i z a t i o n  (o r  d i s t r i b u t i o n ) ,  redox p o t e n t i a l s ,  s p e c t r a l  and 
phys ica l  d a t a ,  pharmacologica l  p r o p e r t i e s ,  e l e c t r o n - t r a n s p o r t  in 
membrane sys tems,  and photochemical  p r o p e r t i e s .  These c h a r a c t e r i s ­
t i c s  need t o  be ev a lu a te d  in both porphyr ins  and m e ta l l o p o r p h y r i n s .
125
The r e a c t i o n  between 2 , 2 - M s - 2 , - ( 6 ' - b r o m o p y r i d y l ) - l , 3 -
d ioxo lane  (126) ,  which was prepared  from 2 , 6 -d ib romopyr id ine  in  two 
118 119
s t e p s ,  ’ and th e  l i t h i u m  s a l t  o f  a c e t o n i t r i l e  should  g ive  a
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t e t r a p y r i d i n e  macrocycle 127, co n ta in in g  both k e t a l  and n i t r i l e  
b r id g in g  f u n c t i o n a l i t i e s .  Macrocycle 127 should be hydrolyzed  and 
subsequen t ly  ox id ized  t o  g ive  th e  d e s i r e d  t e t r a k e t o n e  125 (Scheme 
5 ) .
The chem is t ry  and s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  th e  novel 
macromolecules w i l l  be t h e  major t o p i c s  o f  th e  d i s s e r t a t i o n .  We 
can use th e s e  macromolecules t o  exp lo re  the  chem is t ry  o f  
s p e c i f i c a l l y  des igned  n i t r o g e n  he teromacrocycles  in  o rd e r  to  
a s c e r t a i n  t h e i r  p o t e n t i a l  as b i o l o g i c a l  models and to  probe the  
ac tu a l  s i z e / s h a p e  (volume) o f  an t f - e l e c t ro n  p a i r  w i th in  a c a v i t y :  
f o r  examples,  (1) des ign  new s y n t h e t i c  r o u t e s  t o  p y r id i n e -  
c o n t a in in g  he teromacrocycles  which possess  a r i g i d  n o n - f l e x i b l e  
framework o f  known s t r u c t u r a l  c o n s t r a i n t s  which a r e  s i m i l a r  t o  the  
porphyr in  s k e l e t a l  backbones;  (2) de termine  th e  s e l e c t i v e  metal ion 
c o o r d in a t io n  and genera l  l i g an d  p o t e n t i a l  o f  th e s e  macrocycle s ;  (3) 
s tudy  th e  unique e l e c t r o n i c  and s t r u c t u r a l  r e l a t i o n s h i p s  between 
th e s e  proposed macrocycli c  models and known b io l o g i c a l  t e t r a p y r r o l e  
sys tems;  (4)  a s c e r t a i n  t h e  p o s s i b l e  s u b s t i t u t i o n  o f  non-metal 
bonded complexes f o r  more i n t r i c a t e  heme-conta in ing p r o t e i n s ;  and 
(5)  e l u c i d a t e  th e  s p e c i f i c  b inding  s i t e  p r o p e r t i e s  as  a f a c t o r  in 
t h e  a c t i o n  o f  mi tochondr ia l  e l e c t r o n - t r a n s f e r ,  redox r e a c t i o n s ,  and 
semiconduc tion.
VI. Experimental
General Comments. Uncorrec ted me lt ing  p o in t s  were measured in
c a p i l l a r y  tubes  with  a Thomas-Hoover Unimelt o r  Labora to ry  Devices
MEL-TEMP appara tus  f o r  samples me l t ing  below o r  above 260*C,
r e s p e c t i v e l y .  I n f r a r e d  (IR) s p e c t r a  were recorded  with  a Perkin-
Elmer 621 Gra ting  Spect rophotometer .  *H NMR s p e c t r a  were measured
with  a Bruker WP-80, AC-100, WP-200 o r  AM-400 Spect rom ete r  in CDClg
s o l v e n t ,  except  where no ted ,  c o n ta in in g  Me^Si, as  an i n t e r n a l  
13s t a n d a rd .  C NMR s p e c t r a  were recorded  on a Bruker WP-80 
Spec t rom ete r  o p e ra t in g  a t  20 MHz o r  a Bruker WP-200 Spect romete r  
o p e r a t i n g  a t  50 MHz; the  middle peak o f  CDClg t r i p l e t  was used as 
t h e  r e f e r e n c e .  Mass s p e c t r a  (MS) d a t a  were ob ta ined  by Mr. H erber t  
M. Land on a Hewlett -Packered  Model 5985 GC/MS Spect rom ete r  and are  
recorded  h e re in  as (a ss ignment ,  r e l a t i v e  i n t e n s i t y ) .  Elemental 
an a ly se s  were performed by G a lb ra i th  L a b o r a to r i e s ,  K noxv i l le ,  TN.
The recorded  R^ va lues  were determined  by a s t a n d a rd  t h i n -  
l a y e r  chromatography (TLC) procedure:  B ak e r - f l ex  S i l i c a - G e l  IB2-F 
o r  Alumina IB2-F f l e x i b l e  s h e e t s  ( 7 .5 x 2 . 5cm) were used wi thou t  
a c t i v a t i o n  e l u t i n g  with  t h e  s t i p u l a t e d  so lv e n t  system. P re p a ra t iv e  
t h i c k - l a y e r  chromatography (ThLC) was performed on 20x40cm g la s s  
p l a t e s  coa ted  with  a 2mm l a y e r  o f  Brinkmann S i l i c a  Gel P/UV-254-366 
o r  EM-Aluminum Oxide PF-254 Type T a c t i v a t e d  a t  115*C f o r  a minimum 
o f  f o u r  hours e l u t i n g  with  th e  s t im u la t e d  s o lv e n t .  Column 
chromatography was performed u t i l i z i n g  e i t h e r  s i l i c a  gel  (Baker,
71
60-200 mesh) or  aluminium oxide (Brinkmann EM, n e u t r a l ,  A c t i v i t y  I,  
70-230 mesh).
Unless o the rw ise  i n d i c a t e d ,  a l l  o f  th e  chemicals  were reagen t  
grade and no a d d i t i o n a l  p u r i f i c a t i o n  was deemed n ece ss a ry .  Benzene 
and to lu e n e  were d i s t i l l e d  over  sodium and s to r e d  over  molecula r  
s i e v e s  (Linda Type 4A). Te t rahydrofuran  (THF) was d i s t i l l e d  from
sodium/benzophenone immediately befo re  use.  A c e t o n i t r i l e  was
122d i s t i l l e d  over  PgOg ( 0 . 5%-1.0%, w/v) a f t e r  d ry ing  with  molecula r
s i e v e s  (Linde Type 4A) and s to r e d  under Ng. /V,/Y-Dimethylform-
123aldehyde (DMF) and dimethyl  s u l fo x id e  (DMS0) were d i s t i l l e d  from 
Caf^ a t  reduced p re s s u re  and s to r e d  over  molecula r  s i e v e s  (Linde 
Type 4A) under an argon atmosphere.  Afj/V./V'./V'-Tetramethylethylene- 
diamine (TMEDA) was d r i e d  over molecula r  s i e v e s  (Linde Type 4A), 
d i s t i l l e d  from n - b u t y l l i t h i u m  (2.5N, n-hexane ,  5% v /v)  and s to red  
under N£.124
The X-ray da ta  were c o l l e c t e d  on an Enraf-Nonius CAD4 
d i f f r a c t o m e t e r  equipped with  e i t h e r  MoKa (X=0.71073A) o r  CuKa 
(X=l. 54184A) r a d i a t i o n  and a g r a p h i t e  monochromator. C r y s t a l -  
lo g ra p h ic  c a l c u l a t i o n s  were conducted with  th e  programs MULTAN and 
th e  Enraf-Nonius S t r u c t u r a l  Determinat ion Package on a D ig i t a l  
Equipment PDP 11/34 o r  micro VAX I I  computer .
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1. B 1 s ( 2 - p y r i d y l ) a c e t o n i t r 1 l e  (128) .  A 6enera l  Method.
O i l - f r e e  NaH (980mg, 41mmol) was added t o  a s t i r r e d  s o l u t i o n
92a
o f  2-cyanomethy lpyr id ine  (1 .21g ,  10.3mmol) in  dry  DMF (lOOmL) 
a t  25*C under a ^  atmosphere.  Upon a d d i t i o n  o f  NaH, th e  
p a l e  ye l low s o l u t i o n  changed to  an orange s l u r r y ,  then  a f t e r  30 
min, 2-bromopyrid ine (1 .62g,  10.3mmol) was added a t  25*C. The 
r e s u l t a n t  dark  brown s l u r r y  was hea ted  t o  90*C f o r  6 h,  a f t e r  which 
th e  r e a c t i o n  was cooled t o  25*C and quenched with  w a te r .  The 
mix ture  was con ce n t r a te d  in vacuo, made a c i d i c  w ith  0.1N HC1, and 
e x t r a c t e d  with  CHC13 (2xl00mL). The combined o rg a n ic  e x t r a c t  was 
washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous MgSO^, and 
c o n c e n t r a t e d  in  vacuo. The r e s u l t i n g  ye l low s o l i d  was column 
chromatographed ( s i l i c a  g e l ,  DCM) and r e c r y s t a l l i z e d  from CHCl^/ 
benzene to  a f f o r d  (73%) b i s { 2 - p y r i d y l ) a c e t o n i t r i l e  (128) ,  as  ye l low 
f i b e r s :  1.45g;  mp 129-130’ C ( l i t . 112 mp 129*C); Rf  0 .34 ( s i l i c a  
g e l ,  DCM); l H NMR 66.61 ( t d ,  5-pytf, J - 5 . 9 ,  2.1Hz,  2H), 7 .44 (m,
3,4-pyW, 4H), 7.91 ( d t ,  6-pytf, J - 5 . 7 ,  1.3Hz, 2H), 16.3 (b s ,  NH,
1H); 13C NMR 667.5 (CC=N), 112.5 (C5),  119.3 (C3), 122.0 (C»N),
136.2 (C4) , 139.1 (C6 ) ,  155.1 (C2); IR (KBr) 2190 cm '1 (C*N); MS 
m/e 196 (M++ l ,  8 ) ,  195 (M+, 75),  194 (M+-H, 100),  169 (M+-CN, 64) .
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2 .  2 - P y r i d y l - 2 ' - ( 6 ' - b r o m o p y r i d y l ) a c e t o n 1 t r 1 l e  (129) .
A m ix ture  o f  2-cyanomethy lpyr id ine  (490mg, 4.2mmol), o i l - f r e e  
NaH (400mg, 16.6mmol), 2 ,6 -d ib rom opyr id ine  (490mg, 2.1mmol), and 
dry  DMF (lOOmL) was hea ted  to  120*C f o r  16 h under a Ng atmosphere.  
A f t e r  coo l ing  t o  25*C, t h e  mixtu re  was quenched with  w a te r ,  
c o n c e n t r a te d  in vacuo, and e x t r a c t e d  with  CHC13 . The combined 
o rgan ic  l a y e r  was washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over  
anhydrous MgSO^, and evapora ted  in vacuo t o  g iv e  a ye l low  s o l i d ,  
which was chromatographed ( s i l i c a  g e l ,  DCM) and r e c r y s t a l l i z e d  from 
CHClj/n-hexane t o  a f f o r d  (81% from 2 ,6 -d ib rom opyr id ine )  129, as 
ye l low  f i b e r s :  460mg; mp 157-158*C; 0 .39  ( s i l i c a  g e l ,  DCM);
NMR 66.49 (m, 5-pyH, 1H), 6 .97 (dd,  5 ' - p y H, J - 5 . 0 ,  2.2Hz,  1H), 7.37 
(m, 3 , 4 , 3 ' , 4 ' - p y / / ,  4H), 7 .6  (m, 6-pyH, 1H), 15.1 (b s ,  NH, 1H); 13C 
NMR 668.4 (CC*N), 110.5 (C5), 117.3 (C 5 ' ) ,  119.1 (C3), 121.3 (CsN), 
133.4 ( C 3 ' J , 137.4 & 137.6 ( C 4 , 4 ' ) ,  138.4 (C6), 138.6 ( C 6 ' ) ,  152.7 
( C 2 ' ) ,  158.5 ( C 2 ' ) ;  IR (KBr) 2185cm"1 (C«N); MS m/e 275 [M+(81Br) ,  
8 0 ] ,  274 [M+(81Br)-H, 76 ] ,  273 [M+( 79Br) ,  100], 272 [M+( 79Br)-H, 
72 ] ,  249 [M+(81Br)-CN, 6 3 ] ,  247 [M+( 79Br)-CN, 6 6 ] ,  194 (M+-Br,  37) ,  
193 (M+-HBr, 42 ) ,  167 (M+-CHNBr, 26 );  Anal .  Calcd.  f o r  CjgHgBrN^:
C, 52 .58;  H, 2 .94 ;  N, 15.33.  Found: C, 52.65 ;  H, 3 .1 1 ;  N, 15.66.
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3.  Dimethyl 2 ,6 -P y r id ined ic a rboxy l  a t e  (130) .
Concentrated HC1 (5mL) was added t o  a s o lu t i o n  o f  2 ,6 -  
p y r id i n e d ic a r b o x y l i c  ac id  (68.27g,  409mmol) in MeOH (500mL) and 
re f lu x e d  f o r  10 h. Excess MeOH was evapora ted  in vacuo and the  
whi te  r e s id u e  was d i s s o lv e d  in CHClg, washed s e q u e n t i a l l y  with 
aqueous s a t u r a t e d  NaHCOg, then aqueous s a t u r a t e d  NaCl, d r i e d  over 
anhydrous MgSO^, and concen t ra ted  in vacuo t o  a f f o r d  (90%) dimethyl
2 , 6 - p y r i d in e d i c a r b o x y la t e  (130): 7 1 .57g; mp 122-124°C ( l i t . 117 mp 
124-125’ C); JH NMR 64.00 ( s ,  CHy  6H), 8.04 ( t ,  4-pyH, J=7.6Hz,
1H), 8.32 (d, 3,5-pyW, J=7.6Hz,  2H).
4.  2 ,6 -B /s (hydroxym ethy l )pyr id ine  (131) .
To a s t i r r e d  s o l u t i o n  o f  130 (3 8 .Og, 0.20mol) in ab s o lu te  MeOH 
(300mL), NaBH^ (38g, l.Omol) was added slowly via  a s o l i d  a d d i t io n  
funne l .  The tempera tu re  was mainta ined  a t  45-5°C with  i n t e r m i t t e n t
130 131
i c e  bath  c o o l in g .  A f t e r  th e  a d d i t i o n  was comple ted,  a d d i t i o n a l  
MeOH (50mL) was in t roduced  and the  m ix ture  was warmed f o r  2 .5  h to  
45-5*C, a f t e r  which ace tone  (lOOmL) was added.  The o rg an ic  so lven t  
was evapora ted  in vacuo, then  wate r  was added t o  th e  r e s i d u e .  Diol 
131 was e x t r a c t e d  with  CHCl^ f o r  2 days with  a con t inuous  l i q u i d -  
l i q u i d  e x t r a c t o r ,  a f t e r  c o n c e n t r a t i o n  o f  t h e  e l u e n t ,  t h e  s o l i d  was 
r e c r y s t a l l i z e d  from p -xy lene  t o  g ive  (80%) 131, as  c o l o r l e s s  
n e e d le s :  2 1 . 6g; mp 112-113‘C ( l i t . 119 mp 111-112*C); NMR 
(DMSO-cfg) 64.13 ( s ,  C 4 H ) ,  4159 ( s ,  0//, 2H), 7.34 (d,  3,5-pyW, 
J-7.7HZ, 2H), 7.81 ( t ,  4-pytf, J«7.7Hz,  1H).
S0C12 (lOmL) a t  0*C under  a N2 atmosphere and then  m ix ture  was 
r e f lu x e d  f o r  2 h.  The excess  S0C12 was removed in vacuo t o  g ive  a 
r e s i d u e ,  which was d i s s o l v e d  in  CHCl^, washed with  aqueous 
s a t u r a t e d  NaHC03 , and then  aqueous s a t u r a t e d  NaCl. The combined 
CHClj e x t r a c t  was d r i e d  over anhydrous MgSO^ and co n c e n t ra te d  in 
vacuo t o  g iv e  a s o l i d ,  which was column chromatographed ( s i l i c a  
g e l ,  DCM). F u r th e r  p u r i f i c a t i o n  was achieved  by r e c r y s t a l l i z a t i o n  
from l i g h t  pe t ro leum e t h e r  t o  g ive  (77%) 132, as  c o l o r l e s s  need les :
HC
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5.  2 , 6 - 8 / s ( c h l o r o m e t h y l ) p y r i d i n e  (132).
123Diol 131 (1 3 .0g ,  94mmol) was added slowly t o  r e d i s t i l l e d
77
1 2 .7g; mp 71-73’ C ( l i t . 92a mp 74-75‘C; l H NMR 64.65 ( s ,  C 4 H ) ,  
7 .40  (d,  3,5-pyW, J«4.5Hz,  2H), 7.77 ( t ,  4-pytf, J -8 .0H z ,  1H).
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6.  2 ,6 -f l7s(cyanomethy l)pyr id1ne  (133) .
A s o l u t i o n  o f  132 (9 .9 g ,  56mmol) in  dry  DMSO (lOOmL) was added 
dropwise over 2 h t o  a s t i r r e d  s o l u t i o n  o f  KCN (22g,  340mmol) in 
d ry  DMSO (lOOmL) under a N2 atmosphere a t  35-5*C. A f t e r  26 h, th e  
m ix ture  was poured in t o  a s o l u t i o n  o f  aqueous s a t u r a t e d  Na2C02 
(500mL) c o n ta in in g  aqueous NaOH (40%, lOmL) and e x t r a c t e d  
s e q u e n t i a l l y  with  E t20 and CHClj. The combined o rg a n ic  e x t r a c t  was 
washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous MgSO^, and 
c o n c e n t r a te d  in vacuo. The r e s id u e  was suspended in  CHClj and 
f i l t e r e d  th rough a s h o r t  column o f  s i l i c a  g e l .  The f i l t r a t e  was 
evapora ted  and th e  r e s i d u e  r e c r y s t a l l i z e d  from EtOH t o  a f f o r d  (55%) 
133, as  c o l o r l e s s  n e e d le s :  4 .9g ;  mp 96-98*C ( l i t . 92a mp 97-98*C); 
l H NMR S3.92 ( s ,  C//2C=N, 4H), 7.41 (d ,  3,5-pyW, J«7.8Hz,  2H), 7.80 
( t ,  4-pytf, J-7.8HZ, 1H).
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7.  2 - P y r i d y l - 2 ' - ( 6 ' - c y a n o m e t h y l p y r 1 d y l ) a c e t o n 1 t r 1 l e  (134) .
O i l - f r e e  NaH (570mg, 24mmol) was added t o  a s o l u t i o n  o f  133 
(470mg, 3.0mmol) in dry  DMF (lOOmL) under a N2 atmosphere a t  25*C. 
Upon a d d i t i o n  o f  NaH, t h e  c o l o r  changed from yel low t o  brown.
2-Bromopyridine (950mg, 6.0mmol) was added to  t h i s  brown 
suspe ns ion ,  then  hea ted  t o  90-5*C f o r  7 h.  A f t e r  c o o l in g ,  th e  
mix tu re  was quenched with  w a te r ,  c o n ce n t ra te d  in  vacuo, and 
e x t r a c t e d  with  CHCl^. The combined o rgan ic  l a y e r  was washed with  
aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous MgSO^, and evapora ted  
in vacuo t o  g ive  a ye l low  s o l i d ,  which was chromatographed ( s i l i c a  
g e l ,  DCM) and r e c r y s t a l l i z e d  from DCM/n-hexane t o  a f f o r d  (34%) 134, 
as  ye l low  ne e d le s :  250mg; mp 246-248*C; R^ 0 .25  ( s i l i c a  g e l ,  DCM); 
l H NMR 54.00 ( s ,  C//2C«N, 2H), 6.73 (m, 5-py//, 1H), 7 .60  (m, 3 , 4 , -  
3 ' , 4 ' , 5 ' - p y W ,  5H), 8 .63 (d,  6-pytf, J«4.0Hz,  1H), 15.8 (b s ,  N//, 1H); 
13C NMR 527.2 (CH2 ) ,  75 .5  (CCsN), 111.1 ( C 5 ' ) ,  114.2 (C5),  118.6 
(C3')» 121.6 (C3),  122.7 & 123.3 (C*N), 134.9 (C 4 ' ) ,  137.9 & 138.1 
(C4 ,6 ) ,  146.7 ( C 6 ' ) ,  153.7 & 154.3 ( C 2 , 2 ' ) ;  IR (KBr) 2250, 2180cm"1 
(C=N); MS m/e 235 (M++ l ,  17) ,  234 (M+, 100),  233 (M+-H, 8 0 ) ,  208 
(M+-CN, 58) ,  207 (M+-CHN, 21 ) ;  Anal.  Calcd.  f o r  Cj4H1()N4.1/4H20:
C, 70.42 ;  H, 4 .43 ;  N, 23 .47 .  Found: C, 69 .80 ;  H, 4 .7 5 ;  N, 23.57.
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8 . 2 - ( 6 - B r o m o p y r i d y l ) - 2 ' - ( 6 ' - c y a n o m e t h y l p y r 1 d y l ) a c e t o n i t r i l e  (135).
A m ix tu re  o f  LiH (250mg), 2 ,6 -d icyanom ethy lpy r id ine  (133; 
420mg, 2.7mmol),  and 2 ,6 -d ib rom opyr id ine  (630mg, 2.7mmol) in dry 
TMEDA (5mL) and dry  benzene (95mL) was r e f lu x e d  f o r  2 days under a 
N£ atmosphere.  The r e s u l t i n g  yel low mix tu re  was quenched with  
w a te r  and c o n c e n t r a te d  in vacuo. The ye l low s o l i d  was d i s s o lv e d  in 
DCM, which was washed with  aqueous s a t u r a t e d  NaHCO  ^ and d r i e d  over 
anhydrous MgSO^. Evapora t ion  o f  the  e x t r a c t  in vacuo gave a ye l low 
s o l i d ,  which was chromatographed ( s i l i c a  g e l ,  DCM) and r e c r y s t a l ­
l i z e d  from DCM/n-hexane t o  g ive  (75%) pure 135, as  ye l low  f i b e r s :  
640mg; mp 255-257’C; Rf  0 .76  ( s i l i c a  g e l ,  10% EtOH/DCM); JH NMR 
55.41 (d,  CHz , J-2.0HZ, 2H), 6.72 ( d t ,  5 ' -pyt f ,  J - 6 . 3 ,  2.0Hz,  2H), 
6 .96  (dd,  3 ' - p y //, J - 6 . 1 ,  2.3Hz,  2H), 7 .26 -7 .73  (m, 3 , 4 , 5 , 4 ' - p y H,
4H), 15.6 (b s ,  NH, 1H); IR (KBr) 2245, 2190cm-1 (C=N); MS m/e 314 
[M+(81B r ) , 9 5 ] ,  313 [M+(81Br)-H, 55],  312 [M+(79Br) ,  100],  288 
[M+(81Br)-CN, 8 9 ] ,  286 [M+ (79Br)-CN, 90 ] ,  274 [M+(81Br)-C2H2N, 27],  
272 [M+(79Br)-C2H2N, 28 ] ,  232 (M+-HBr, 20) ;  Anal.  Calcd.  f o r
C14H9BrN4#H20;  C’ 5 0 ,7 7 ; H’ 3 *34; N’ 13 ,92 ' Found: C’ 5 0 ,9 1 ; H’ 
2 .9 0 ;  N, 14.03.
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9.  6-Bromo-2-(dimethyl ami n o )p y r id in e  (136) and 2 ,6 - M s ( d i m e t h y l -  
am ino)pyr id ine  (137) .
A mixtu re  o f  2 ,6 -d ib rom opyr id ine  (3 .44g ,  14.5mmol), o i l - f r e e  
LiH (610mg, 76mmol), MeCN (310mg, 7.6mmol), and dry DMF (50mL) was 
hea ted  to  120“C f o r  24 h under a N2 atmosphere.  A f t e r  c o o l in g  to  
25*C, th e  mixtu re  was quenched with  w a te r ,  c o n c e n t r a te d  in vacuo, 
and e x t r a c t e d  with  CHCl^- The combined o rgan ic  l a y e r  was washed 
with  aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous MgSO^, and 
c o n c e n t r a te d  in vacuo t o  g ive  a dark  brown o i l ,  which was 
chromatographed ( s i l i c a  g e l ,  DCM) to  a f f o r d  two major p roduc ts :  
F ra c t io n  A was r e c r y s t a l l i z e d  from CgHjg t o  g ive  (35%) 
6-bromo-2-(d im ethy lamino)pyr id ine  (136) ,  as  c o l o r l e s s  
m i c r o c r y s t a l s :  1.02g;  mp 56-57"C; 0.71 ( s i l i c a  g e l ,  DCM); *H NMR
63.05 ( s ,  CHy  6H), 6 .35 (dd,  3-py//,  J - 8 . 4 ,  0.5Hz,  1H), 6 .65 (dd,
5-pyH, J - 7 . 0 ,  0.5Hz,  1H), 7.23 (dd,  4-pytf, J - 8 . 4 ,  7.5Hz,  1H); MS
m/e 202 [M+( 81Br),  58 ] ,  200 [M+( 79Br) ,  59] ,  187 [M+( 81Br)-CH3 , 48 ],  
185 [M+ (79Br)-CH3 , 43] ,  173 [M+(81Br)-C2H5 , 9 3 ] ,  171 [M+(79Br)-
C2H5 , 100];  Anal .  Calcd.  f o r  C7HgBrN2.l /4CgH12: C, 45 .96 ;  H, 5 .45 ;  
N, 10.62.  Found; C, 46 .49 ;  H, 5 .17 ;  N, 10.87.
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F ra c t i o n  B was r e c r y s t a l l i z e d  from CgHj2 t o  a f f o r d  (15%)
2 ,6 -M s (d im e th y la m in o )p y r id in e  (137) ,  as  a c o l o r l e s s  s o l i d :  360mg; 
mp 31-32* ( l i t . 125 mp 33-34*C); Rf  0.33 ( s i l i c a  g e l ,  DCM); l H NMR
63.02 ( s ,  CHy  12H), 5.80 (d,  3-pytf, J-8.0HZ, 2H), 7.27 ( t ,  4-pytf, 
8.0Hz,  1H); MS m/e 165 (M++ l ,  26) ,  165 (M+, 100),  150 (M+-CH3 , 46),  
136 (M+-C2H5 , 69 ) ,  121 (M+-C3H8 , 31).
CH3CN C L i C H aCN]
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10. 2 - (6 -B r o m o p y r id y l ) a c e t o n i t r 1 l e  (138).
To a s t i r r e d  s o l u t i o n  o f  n - b u t y l l i t h i u m  (1 .6N/n-hexane;  4.3mL, 
6.9mmol) a t  -70*C under a N2 atmosphere,  was r a p i d l y  added dry THF 
(50mL), fo l lowed  immediately by a s o lu t i o n  o f  dry  MeCN (400/iL, 
320mg, 7.7mmol) in dry  THF (20mL) added over  a 5 min p e r io d .  A f te r  
one h a t  below -70*C, t h e  r e s u l t i n g  white  suspens ion  was t r e a t e d  
with  2 ,6 -d ib rom opyr id ine  (540mg, 2.3mmol). The p a l e  ye l low  
s o l u t i o n  was s t i r r e d  f o r  one h a t  -70*C and then  warmed t o  25*C
f
be fo re  quenching with  w a te r .  The o rgan ic  s o lv e n t  was evapora ted  in 
vacuo t o  g ive  a y e l lo w is h  s o l i d ,  which was d i s s o l v e d  in  DCM. The 
o rgan ic  l a y e r  was washed with  aqueous s a t u r a t e d  NaCl and d r i e d  over 
anhydrous MgSO^ t o  g ive  t h e  crude p roduc t ,  which was r e c r y s t a l l i z e d  
from n-hexane t o  a f f o r d  (27%) 138, as  white  n e e d le s :  120mg; mp 
4 3 . 0 - 4 3 . 5*C; Rf  0 .46 ( s i l i c a  g e l ,  DCM); l H NMR 63.93 ( s ,  C 2 H ) ,
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7.42 (m, 3,5-pytf ,  2H), 7.63 ( t ,  4-pyH, J-7.0HZ, 1H); 13C NMR 622.6 
(CH2 ) ,  121.0 (C3), 122.8 {CmN), 127.6 (C5), 130.9 (C2), 139.6 (C4),
142.2 (C6) ; MS m/e 198 [M+( 81Br) ,  52 ] ,  196 [M+( 79B r) ,  48 ] ,  117 
[M+-Br,  100),  90 (M+-CNBr, 64 ) ;  Anal.  Calcd.  f o r  C7H5BrN2 : C,
42 .67 ;  H, 2 .56 ;  N, 14.22.  Found: 42 .47;  H, 2 .54 ;  N,13.74.
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11. B / s - 2 - ( 6 - b r o m o p y r i d y l ) a c e t o n i t r i l e  (122) .  A General  Procedure.
To a s t i r r e d  m ix ture  o f  LiH ( l .O g ,  125mmol) in  dry  TMEDA 
(lOmL) and dry to lu e n e  (250mL) a t  25*C under a N2 atmosphere ,  was 
added dry  MeCN ( l . lm L ,  860mg, 21mmol). The r e s u l t i n g  white  
suspension  was t r e a t e d  with  2 ,6 -d ib rom opyr id ine  (5 .04g ,  21mmol) and 
t h e  p a l e  ye l low  suspension  was re f lu x e d  f o r  2 days ,  then  poured 
onto  i c e - w a t e r  (200mL) c o n ta in in g  co n c e n t ra te d  HC1 (lOmL). The 
l a y e r s  were s e p a ra t e d  and th e  aqueous l a y e r  was e x t r a c t e d  with  DCM. 
The combined o rgan ic  l a y e r  was washed with  aqueous s a t u r a t e d  NaCl 
and d r i e d  over  anhydrous MgSO^. The o rgan ic  s o lv e n t  was then  
evapo ra ted  in vacuo t o  g iv e  a ye l low s o l i d ,  which was column 
chromatographed (alumina ,  DCM) and r e c r y s t a l l i z e d  from DCM/ 
cyclohexane t o  g iv e  (47%) 122, as  ye l low  f i b e r s :  1 .77g;  mp 163- 
164-C; Rf  0 .40  ( s i l i c a  g e l ,  DCM); l H NMR 66.61 (m, 5-pyW, 2H), 7.51 
(m, 3 , 4-pyH, 4H), 16.0 (b s ,  NH, 1H); 13C NMR 664.5 (CCsN), 116.2
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(C5) , 118.5 (C3), 121.8 (C=N), 128.2 (C4), 138.2 (C6), 141.6 (C2); 
IR (KBr) 2200cm'1 (CeN); MS m/e 355 [M+(281Br) ,  4 5 ] ,  354 
[M+(281Br)-H, 35 ] ,  353 [M+(81Br79B r ) , 100], 352 [M+( 81Br79Br)-H, 
53 ] ,  351 [M+(279B r ) , 54] ,  329 [M+(281Br)-CN, 40 ] ,  327 
[M+(81Br79Br)-CN, 85] ,  325 [M+(279Br)-CN, 40 ] ;  Anal.  Calcd.  f o r
C12H78 r 2N3 : C’ 4 0 ‘83; H’ 2 *00; N’ n ’9 0 - Found: C’ 41 ,16;  H’ 2 *11; 
N, 11.92.
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12. f l / s -2 - (6 -bromopyr idy l  Jmethane (139) .
A mix tu re  o f  122 (740mg, 2.1mmol) in c o n c e n t r a te d  HC1 (50mL) 
and EtOH (50mL) was r e f lu x e d  f o r  8 h. The r e s u l t i n g  c o l o r l e s s  
s o l u t i o n  was c a r e f u l l y  n e u t r a l i z e d  with  NaOH (15g) and e x t r a c t e d  
w i th  CHCl^. The combined o rgan ic  l a y e r  was washed with  aqueous 
s a t u r a t e d  NaCl, d r i e d  over  anhydrous MgSO^, and evapora ted  in vacuo 
t o  a f f o r d  (81%) crude  139, which was q u i t e  s u s c e p t i b l e  t o  a i r  
o x i d a t i o n :  560mg; 0 .20  ( s i l i c a  g e l ,  DCM); *H NMR 64.27 ( s ,  C/^,
2H), 7 .19 (m, 3-pyH, 2H), 7.37 (dd,  5-pytf, J - 9 . 0 ,  3.2Hz,  2H), 7.58 
( t ,  4-pyH, J=7.7H1 , 2H). 139 was not  p u r i f i e d  f u r t h e r  but
immediately ox id ized  t o  140.
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13. B j s -2 - (6 -b ro m o p y r id y l ) ketone (140) .
A m ix ture  o f  139 (240mg, 0.73mmo1), Se02 (280mg) in  g l a c i a l  
AcOH (20mL) was r e f lu x e d  f o r  22 h. The mix tu re  was f i l t e r e d  
th rough a C e l i t e  pad and c o n ce n t ra te d  in vacuo t o  d ry n es s ,  then  the  
r e s id u e  was d i s s o lv e d  in CHClj. Organic l a y e r  was washed aqueous 
s a t u r a t e d  NaHCOj, then  aqueous s a t u r a t e d  NaCl, and d r i e d  over 
anhydrous MgSO  ^ t o  y i e l d  (72% from 122) 140: 180mg; mp 151-153*C 
( l i t . 121a mp 155-156.5 ’ C ) ; NMR 67.70 (d,  5-pyW, J-2.6HZ, 2H), 
7.72 (d,  3-pytf, J=6.0Hz,  2H), 8 .08  (dd,  4-pyH, J - 6 . 0 ,  2.6Hz,  2H).
14. 6 - B r o m o - 2 - l i t h i o p y r i d in e  (141) .  A General Method.1213
A s t i r r e d  s o l u t i o n  o f  2 ,6 -d ib rom opyr id ine  ( 1 9 . l g ,  80.4mmol) in 
anhydrous Et20 (400mL) was cooled t o  -70*C (Dry i c e / a c e t o n e  bath)  
under a ^  atmosphere,  t o  which was added n-BuLi (33mL, 84mmol; 
2.5M/ n-hexane) a t  such a r a t e  t h a t  the  tem pera tu re  d id  not  exceed
141
-60*C. The c l e a r ,  golden ye l low s o l u t i o n  was ma in ta ined  below 
-70*C f o r  30 min, p r i o r  t o  a d d i t i o n  o f  th e  e l e c t r o p h i l e .  In 
fo l low ing  exper iments ,  t h e  amounts o f  141 l i s t e d  r e f e r  to  the  
s t a r t i n g  2 ,6 -d ib rom opyr id ine .
CH3QOCycfr'COOCH3 
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15. 2 , 6 -fi7' s [ 2 ' - ( 6 ' - b r o m o p ic o l in o y l ) ]p y r i d in e  (142) .
A s o l u t i o n  o f  2 -b ro m o - 6 - l i t h io p y r i d in e  (141) [p repared  from
2,6-d ib rom opyr id ine  (22.23g,  93.8mmol) and n-BuLi (65mL, 103mmol;
1 .6N//7-hexane)] in anhydrous Et20 (350mL) was cooled to  -70°C.
S o l id  dimethyl 2 , 6 - p y r i d in e d i c a r b o x y la t e  (130; 9 . 1 5g , 46.9mmol) was 
added with  v igorous s t i r r i n g .  The s o l u t i o n  was ma in ta ined  a t  -70#C 
f o r  one h, fol lowed by t h i r t y  min a t  -40*C. The mix tu re  was 
hydrolyzed  with  MeOH (50mL), con ce n t ra te d  HC1 (20mL), and water  
(lOOmL), r e s p e c t i v e l y ,  then  the  e t h e r e a l  so lv e n t  was removed in 
vacuo. The a c i d i c  aqueous suspens ion was r e f lu x e d  f o r  t en  h, 
coo led ,  then n e u t r a l i z e d  ( c a r e f u l l y )  with  s a t u r a t e d  Na2C03 and 
e x t r a c t e d  with  DCM. The e x t r a c t  was d r i e d  over  anhydrous MgSO  ^ and 
co n c e n t ra te d  in vacuo t o  a f fo rd  a brown, p a s ty  mass, which was 
t r i t u r a t e d  with  b o i l i n g  EtgO (6x20mL); th e  r e s id u e  was 
r e c r y s t a l l i z e d  from benzene to  a f f o r d  (36%) th e  d ik e to n e  142:
7 .46g;  mp 138-140‘ C (1 i t . 121c mp 142-143*C ) ; ] H NMR 67 .48  (dd,
86
5 ' - p y //, J - 7 . 5 ,  1.0Hz, 2H), 7.82 ( t ,  4 ' -py / / ,  J«7.6Hz,  2H), 8 .04-8 .21  
(m, 3 ' ,4-pyW, 4H), 8 .36  (d ,  3-py//,  J-7.7HZ, 2H); MS m/e 449 
[M+(281B r ) , 8 ] ,  447 [M+(81Br79B r ) , 17],  445 [M+(279Br) ,  8 ] ,  392 
[M+(281Br)-C202 , 6 ] ,  390 [M+(81Br79Br)-C202 , 11],  388 [M+(279Br)-  
C202 , 5 ] ,  312 [M+(81Br) -C202Br, 21] ,  310 [M+(79Br)-C202Br, 20 ] ,  263 
[M+(81Br)-CgH3OBr, 100], 261 [M+( 79Br)-CgH3OBr, 91] .
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16. 2 ,6 -B 7 s [2 ' - ( 6 ' - b ro m o p y r id y 1 ) - l , 3 - d 1 o x o la n - 2 - y 1 ] p y r 1 d in e  (123) .
A mix tu re  o f  d ik e to n e  142 ( 1 1 . lg ,  25mmol), f r e s h l y  d i s t i l l e d  
e t h y le n e  g lyco l  (50mL), and c o n ce n t r a te d  H2S0^ (10 d rops ,  0.5mL) in 
dry to l u e n e  (400mL) was r e f lu x e d  g e n t l y  f o r  10 days .  Water was 
removed with  a Dean-Stark  w ate r  s e p a r a t o r .  A f t e r  c o o l in g ,  the  
s o l u t i o n  was c o n c e n t r a t e d  in vacuo and th e  r e s id u e  was s l u r r i e d  in 
aqueous s a t u r a t e d  NaHC03 , e x t r a c t e d  with  CHC13 , d r i e d  over  
anhydrous MgS04 , and c o n c e n t r a te d  in vacuo. The r e s u l t i n g  b u f f  
s o l i d  was r e c r y s t a l l i z e d  from CHCl3/EtOH t o  g ive  (70%) d i k e t a l  123,
i n i  j
as c o l o r l e s s ,  massive c r y s t a l s :  9 .3g ;  mp 186-188’C ( l i t .  mp 
189-190*C); l H NMR 64.10 ( s ,  C«2 , 8H), 7 .32 -7 .56  (m, 3 ' , 4 ' , 5 ' -py / / ,  
6H), 7 .6 6 -7 .7 4  (m, 3 ,4-py// ,  3H).
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17. l 2 < (2 ,6 -P y r1 d in o ) 3 - l 3 -co ronand-3> l-cyano-5 ,9 -d1one  Ethylene  
Glycol B ls k e t a l  (124) .
To a s t i r r e d  mixtu re  o f  LiH (550mg) in d ry  TMEDA (lOmL) and 
dry  benzene (250mL) a t  25 *C under a N2 atmosphere ,  was added dry  
HeCN ( l . lm L ) .  The r e s u l t i n g  w hi te  suspension  was t r e a t e d  with  
d i k e t a l  123 (1 .98g ,  3.7mmol), then th e  p a l e  ye l low  suspension  was 
r e f lu x e d  f o r  3 days be fo re  i t  was poured in t o  i c e -w a te r -H C l . The 
l a y e r s  were s e p a ra t e d  and the  aqueous l a y e r  was e x t r a c t e d  with  
CHC1^- Organic l a y e r  was washed with  aqueous s a t u r a t e d  NaCl and 
d r i e d  over anhydrous MgSO^. A f t e r  c o n c e n t r a t i o n ,  t h e  ye l low 
r e s i d u e  was column chromatographed (alumina ,  DCM), then  
r e c r y s t a l l i z e d  from DCM/CgH^ t o  g iv e  (43%) t r i c y c l o p y r i d i n e  124, 
as  ye l low  n e e d le s :  660mg; mp 268-269*C ;  Rf 0 .34  (a lumina,  DCM); 
NMR 64.26 (m, C 8 H ) ,  7 .00 (m, 3-pytf, 2H), 7.52 (m, 2 ,4 ,5-pytf ,  
7H), 16.5 (b s ,  NH, 1H); 13C NMR 665.9  (CH2) ,  69 .0  (CChN), 104.9 
(0C0),  109.7 ( C 3 ' ) ,  119.4 & 119.6 ( C 3 , 5 ' ) ,  122.6 (C=N), 136.6 
( C 4 ' ) t 138.9 (C4) , 150.7 ( C 2 ' ) ,  154.4 ( C 6 ' ) ,  157.4 (C2); IR (KBr) 
2162cm-1 (CeN); MS m/e 415 (M++ l ,  31 ) ,  414 (M+, 100) ,  370
(M+-C2H40, 10),  326 (H+-C4Hg02 , 28 ) ;  Anal .  Calcd.  f o r  C23Hlg 04 : C, 
66 .66 ;  H, 4 .38 ;  N, 13.52.  Found: C, 66 .36;  H, 4 .0 9 ;  N, 13.25.
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18 . l 2< ( 2 , 6- P y r i d i n o ) 3 - l 3 - co ro n a n d -3> l , 5 - d 1one (1 4 3 ) .
A mix tu re  o f  124 (720mg, 1.7mmol) in c o n c e n t r a te d  HC1 (25mL) 
and EtOH (25mL) was r e f lu x e d  f o r  5 h. Then th e  r e s u l t i n g  c o l o r l e s s  
s o l u t i o n  was cooled t o  0*C and n e u t r a l i z e d  with  s o l i d  NaOH and 
e x t r a c t e d  with  CHC13 . The combined e x t r a c t  was washed with  aqueous 
s a t u r a t e d  NaCl and d r i e d  over  anhydrous MgS04 . A f t e r  
c o n c e n t r a t i o n ,  th e  r e s u l t i n g  s o l i d  was r e c r y s t a l l i z e d  from DCM/EtOH 
t o  a f f o r d  crude d ik e to n e  143, which was u n s t a b l e  ( e a s i l y  o x id i z e d ) :  
*H NMR 64.40 ( s ,  CHv  2H), 6 .99 -8 .41  (m, pytf, 9H); MS m/e 302 
(M++ l ,  21 ) ,  301 (M+, 100),  272 (M+-CH0, 27) ,  244 (M+-C2H02 , 56),
217 (M+-C303 , 28 ).  This d ione  was not  p u r i f i e d  f u r t h e r  but 
immedia tely o x id ized  t o  115.
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19. 1 2 < (2 ,6 -P y r id in o )3 - l 3 - c o r o n a n d - 3 > l , 5 , 9 - t r i o n e  o r  1 , 3 , 5 - T r i -
A mix tu re  o f  crude d ike tone  143 (680mg, 2.3mmol) in g l a c i a l  
AcOH (50mL) and Se02 (800mg) was re f lu x e d  f o r  8 h. A f t e r  
a d d i t i o n a l  Se02 (400mg) was added,  th e  mixtu re  was r e f lu x e d  f o r  an 
a d d i t i o n a l  8 h. Removal o f  AcOH in vacuo, fo l low ing  th e  f i l t r a t i o n  
o f  Se* on C e l i t e  gave th e  c o l o r l e s s  t r i k e t o n e  115, which was column 
chromatographed on s i l i c a  gel  e l u t i n g  from CHC13 to  EtOH. The 
e l u e n t  was washed with  aqueous s a t u r a t e d  NaCl, and evapora ted  in 
vacuo t o  a f f o r d  crude t r i k e t o n e  115. F u r th e r  p u r i f i c a t i o n  by 
r e c r y s t a l l i z a t i o n  from CHCl3/EtOH gave (65% from 124) 115, as 
c o l o r l e s s  n eed le s :  350mg; mp 2 3 6 .0 -236 .5*C; *H NMR 68.12 (dd,
4-PyH, J 3 4*J4 5*7.9Hz, 3H), 8 .34 (d,  3,5-py// ,  J=7.9Hz, 6H); 13C 
NMR 6126.7 (C3), 138.0 (C4),  152.9 (C2),  188.1 (C=0); IR (KBr) 
1667cm-1 (C*0); MS m/e 316 (M++ l ,  21),  315 (M+, 100), 287 (M+-C0, 
5 ) ,  258 (M+-C2H02 , 8 ) ,  230 (M+-C3H03 , 42) ;  UV (CH3CN) \ , ax=227nm 
( log  £*4 .43) ,  250 (sh ,  4 .3 2 ) ;  (CH30H) 201 ( 4 .4 3 ) ,  215 ( sh ,  4 .3 6 ) ,  
245 ( sh ,  4 . 1 1 ) ,  270 ( sh ,  4 .0 4 ) ;  Anal.  Calcd.  f o r  C j g H g N ^ :  C, 
68 .57;  H, 2 .88 ;  N, 13.33.  Found: C, 68.17;  H, 2 .87 ;  N, 13.11.
[2 ,6 ]p y r i d a c y c l o h e x a p h a n e - 2 , 4 ,6 - t r i o n e  (115) .
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20.  l2< (2 ,6 -Pyr1d1no)3 - l 3 - c o r o n a n d - 3 > l ,5 ,9 - t r 1 o n e  E thylene  61ycol 
B is k e t a l  (120) .
A s t i r r e d  mixtu re  o f  m-chloroperbenzoic  ac id  (220mg, 85%, 
l.Ommol) and 124 (380mg, 0.9mmol) in  CHC13 (50mL) was m a in ta ined  a t  
0*C f o r  5 h. The c o l o r l e s s  s o lu t i o n  was washed with  aqueous 
s a t u r a t e d  NaHC03 , then  aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous 
MgSO^, and evapora ted  in vacuo t o  g ive  d ike ta lmonoketone  120, which 
was r e c r y s t a l l i z e d  (68%) from CHC13/E t0H: 250mg; mp 280*C (dec ) ;  
0.21 (a lumina,  CHC13 ) ;  NMR 64.24 ( s ,  C«2 , 8H), 7 .4 7 -7 .9 5  (m, 
pyH, 9H); 13C NMR 665.9 (CH2 ) ,  107.7 (0C0), 119.4 (C 3 ' ) ,  122.2 
(C5),  122.7 (C3),  136.2 (C 4 ' ) ,  136.6 (C4), 153.6 (C 2 ' ) ,  157.8 (C6), 
158.1 (C2) , 192.1 (C-0 ) ;  MS m/e 404 (M++ l ,  20) ,  403 (M+ , 8 3 ) ,  360 
(M+-C2H30, 23) ,  332 (M+-C3H302 , 63) ,  316 (M+-C4H702 , 14) ,  288 
(M+-C6H704 , 100);  Anal.  Calcd.  f o r  C22H17N305*1/2H20: C, 64 .07;  H, 
4 .4 0 ;  N, 10.19.  Found: C, 63 .97;  H, 4 .34 ;  N, 9 .91 .
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21.  l2 < (2 ,6 -P y r id 1 n o )3 - l 3 -co ronand -3> l f 5 , 9 - t r 1 o n e  Ethylene  Glycol 
T r l k e t a l  (144) .
A to l u e n e  (50mL) s o l u t i o n  o f  d i k e t a l  120 (llOmg, 0.3mmol), 
f r e s h l y  d i s t i l l e d  e th y le n e  g lyco l  (2mL), and c o n c e n t r a te d  H2S04 (3 
d rops ,  O.lmL) was r e f lu x e d  f o r  7 days ,  us ing  a Dean-Stark wate r  
s e p a r a t o r .  The cooled s o l u t i o n  was co n c e n t ra te d  in vacuo and the  
r e s id u e  was d i s s o lv e d  with  CHC13 (300mL). The o rg an ic  l a y e r  was 
washed with  aqueous s a t u r a t e d  NaHC03 , then  aqueous s a t u r a t e d  NaCl, 
d r i e d  over  anhydrous MgS04 , and co n c e n t ra te d  in vacuo t o  g ive  the  
s l i g h t l y  ye l low  (c rude)  t r i k e t a l  144. F u r th e r  p u r i f i c a t i o n  o f  144 
was not  su c c e s s fu l  because o f  low s o l u b i l i t y :  mp 280* (d e c ) ;  *H NMR 
64.27 ( s ,  Ctf2 , 12H), 7 .71 -7 .93  (m, pytf, 9H); MS m/e 448 (M++ l ,  10),  
447 (M+, 3 9 ) ,  404 (M+-C2H302 , 27) ,  360 (M+-C4H704 , 13),  332
(M+-C5H705, 51).
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22.  1 2 < (2 ,6 -P y r id in o ) 3 - l 3 - c o r o n a n d - 3 > l , 5 , 9 - t r i o n e  Ethylene Glycol 
Nonoketal (119) .
A mix tu re  o f  d i k e t a l  120 (250mg, 0.6mmol) in  c o n c e n t r a t e d  HC1 
(5mL) and EtOH (50mL) was r e f lu x e d  f o r  2 h.  The r e s u l t i n g  s o l u t i o n  
was c a r e f u l l y  n e u t r a l i z e d  with  aqueous s a t u r a t e d  NaHC03 and then  
e x t r a c t e d  with  DCM (2x200mL). The combined o rg an ic  l a y e r  was 
washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous MgSO^, and 
co n c e n t ra te d  in vacuo. The r e s u l t i n g  c o l o r l e s s  s o l i d  was 
r e c r y s t a l l i z e d  from CHCl3/Et0H t o  g ive  (54%) monoketal 119, as 
c o l o r l e s s  need les :  120mg; mp 235*C (d e c ) ;  *H NMR 64.30 ( s ,  C//2 ,
4H), 7 .8 4 -7 .9 8  (m, 3 ' - 5 ' - p y t f ,  6H), 8 .07  ( t ,  4-pytf, J -7 .5H z ,  1H), 
8 .28  (d,  3,5-pyH, J=7.5Hz,  2H); MS m/e 360 (M++ l ,  9 ) ,  359 (M+, 34) ,  
288 (M+-C3H302 , 100);  Anal.  Calcd.  f o r  C20H13N304 .  ^ 0 :  C, 63 .66;
H, 4 .0 1 ;  N, 10.14.  Found: C, 64 .27 ;  H, 4 .0 7 ;  N, 10.18.
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23. 1 2 < (2 ,6 -P y r id in o )3 - l 3 - c o r o n a n d - 3 > l ,5 , 9 - t r i o n e  (115).
A mix tu re  o f  d i k e t a l  120 (llOmg, 0.3mmo1) in c o n c e n t r a te d  HC1 
(20mL) was re f lu x e d  f o r  36 h. A ddit ional  c o n ce n t ra te d  HC1 (lOmL) 
was added fou r  t imes a t  8 h i n t e r v a l s .  The a c i d i c  s o l u t i o n  was 
n e u t r a l i z e d  c a r e f u l l y  with  s o l i d  NaOH and then e x t r a c t e d  with  
CHC13 . The CHC13 e x t r a c t  was column chromatographed ( s i l i c a  g e l ,  
CHC13 ; EtOH; 10% HOAc/EtOH) and the  e l u e n t  was washed with  aqueous 
s a t u r a t e d  NaHC03 , then aqueous s a t u r a t e d  NaCl, d r i e d  over  anhydrous 
MgSO^. C oncen t ra t ion  o f  s o lv en t  in vacuo a f fo rd ed  crude t r i k e t o n e  
115. F u r th e r  p u r i f i c a t i o n  by r e c r y s t a l l i z a t i o n  from CHCl3/EtOH 
gave (60%) t r i k e t o n e  115 (52mg), which was i d e n t i c a l  t o  the  
p r e v io u s ly  p repared  sample.
145 146
24.  1 ,1 -D i ( 2 - p y r id y l ) e th e n e  (146) .  Method A. 126
171A s t i r r e d  s o l u t i o n  o f  methylt r iphenylphosphonium bromide 
(990mg, 2.8mmol) in anhydrous Et20 was cooled to  -70*C (Dry i c e /  
ace tone  ba th )  under a N2 a tmosphere,  then  o-BuLi (1.9mL, 3.1mmol; 
1.6N/ n - hexane) was added a t  such a r a t e  t h a t  th e  tem pera tu re  did  
not exceed - 6 0 ' C. The m ix ture  was s t i r r e d  v ig o ro u s ly  f o r  30 
minu tes .  B i s ( 2 - p y r id y l ) k e to n e  (145; 510mg, 2.8mmol) d i s s o lv e d  in 
anhydrous Et20 (lOOmL) was added dropwise,  then  th e  s o l u t i o n  was 
r e f lu x e d  f o r  two h, fol lowed by quenching with  w a te r .  The e t h e r  
l a y e r  was s e p a r a t e d ,  washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over 
anhydrous MgSO^, and c o n ce n t r a te d  in vacuo t o  a f f o r d  (10%) 146, as 
c o l o r l e s s  o i l 126: lOOmg; NMR 66.05 ( s ,  =C#2 , 2H), 7 .3 0 -7 .6 5  (m,
3-5-py// ,  6H), 8.61 (m, 6 -pytf, 2H).
129Method B. A suspension o f  o i l - f r e e  NaH (120mg, 5.0mmol)
and f r e s h l y  d i s t i l l e d  (from CaH2 ) DMSO (50mL) was hea ted  under a N2
atmosphere to  70°C f o r  about  one h u n t i l  the  e v o l u t io n  o f  hydrogen
ceased .  The r e s u l t a n t  ye l low -green  s o lu t i o n  o f  sodium methyl-
128su lph iny l  ca rbanion  was cooled in an i c e - b a th  u n t i l  i t  s t a r t e d  
t o  c r y s t a l l i z e .  Methyltr iphenylphosphonium bromide ( l . O l g ,
2.5mmol) in DMSO (50mL) was then added and the  r e s u l t a n t  s o l u t i o n  
was s t i r r e d  a t  20*C f o r  25 min by which t ime i t  had become dark  
r ed .  On a d d i t i o n  o f  b 7s ( 2 - p y r id y l )k e to n e  (145; 510mg, 2.8mmol) 
i n t o  DMSO, th e  te m pera tu re  r a p i d l y  ro se  to  ca .  50*C. The s o lu t i o n  
was s t i r r e d  a t  60*C f o r  one h,  then  the  DMSO was removed by vacuum 
d i s t i l l a t i o n .  The r e s i d u e ,  d i s s o lv e d  in 10% HC1, was e x t r a c t e d  
severa l  t imes with  CHC13 t o  remove th e  t r i p h en y lp h o s p h in e  oxide .
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The aqueous l a y e r  was made a l k a l i n e  and e x t r a c t e d  with  CHCl^. The 
red-brown CHC13 e x t r a c t  was washed with  aqueous s a t u r a t e d  NaCl and 
d r i e d  over  anhydrous MgSO^. The s o lv e n t  was removed in vacuo to  
g ive  a brown o i l ,  which was p u r i f i e d  by e l u t i n g  with  benzene on a 
column o f  n e u t ra l  alumina.  The r e s u l t a n t  l i q u i d  was d i s t i l l e d  to  
g ive  (17%) l , l - d i ( 2 - p y r i d y l ) e t h e n e  (146) ,  as  an amber co lored  
l i q u i d * 2®: 85mg.
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Method C. f i / s (2 -p y r id y l )k e to n e  (145; 2 .02g,  llmmol) d i s so lved  
in anhydrous EtgO (150mL) under a Ng atmosphere was added dropwise 
to  a MeLi s o l u t i o n  (7.5mL, 12mmol; 1 .5N/n-hexane) cooled t o  -60 'C.  
The te m pera tu re  was main ta ined  a t  -60-5*C by vary ing  th e  depth  of  
immersion in a dry i c e / a c e to n e  s l u r r y  f o r  one h. A f t e r  the  
a d d i t i o n  was complete ,  t h e  mixture was al lowed to  warm t o  -20'C and 
main ta ined  a t  -20-5*C f o r  an a d d i t i o n a l  h. This s o l u t i o n  was 
quenched with  MeOH/water and e x t r a c t e d  with  CHClj. The o rgan ic  
e x t r a c t  was washed with  aqueous s a t u r a t e d  NaHCO^, then  aqueous 
s a t u r a t e d  NaCl. The combined o rgan ic  e x t r a c t  was d r i e d  over 
anhydrous MgSO  ^ and c o n ce n t ra te d  in vacuo t o  a f f o r d  (70%) 
l , l - b / s ( 2 - p y r i d y l ) e t h a n o l  (147)129: 1.54g;  *H NMR 61.99 ( s ,  C//3 ,
3H), 6 .5  (bs ,  OH, 1H), 7 .04 -7 .17  (m,’ 3-pyW, 2H), 7 .52 -7 .79  (m,
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4 ,5 -pyH, 4H), 8 .49  (dd, 6 -pytf, J - 7 . 9 ,  1.4Hz, 2H); MS m/e 200 (M+, 
4 ) ,  185 (M+-CH3 , 25) ,  183 (M+-H0, 25),  122 (M+-C5H4N, 100).
A s t i r r e d  s o l u t i o n  o f  alcohol  147 (980mg, 4.9mmol) in 80% 
H^PO^ (20mL) was hea ted t o  130*C. With con t inued  s t i r r i n g ,  the  
tem pera tu re  was r a i s e d  t o  150*C and main ta ined  f o r  30 min. The 
r e s u l t i n g  dark  brown s o l u t i o n  was cooled t o  25*C and n e u t r a l i z e d  
c a r e f u l l y  with  NaOH (24g) .  The aqueous l a y e r  was e x t r a c t e d  with 
CHC1^ and the  e x t r a c t  l a y e r  was washed with  aqueous s a t u r a t e d  
NaHC03 and d r i e d  over anhydrous MgSO^. NMR and mass s p e c t r a  d a t a  
showed u n i d e n t i f i e d  t a r r y  m a t e r i a l s  inc lud ing  t r a c e s  (<10%) o f  
s t a r t i n g  alcohol  147.
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25. D i (2-pyr idy l )m ethanol  (148) .
A s t i r r e d  s o lu t i o n  o f  145 (57mg, 0.3mmol) in dry THF (30mL) 
was cooled t o  -70*C under a Ng atmosphere.  THF/Borane (400/xL, 
0.4mmol; 1.0N) was added with  vigorous  s t i r r i n g .  The s o l u t i o n  was 
main ta ined  a t  -70*C f o r  one h, fol lowed by t h i r t y  minutes a t  25*C. 
The r e s u l t i n g  dark  brown s o l u t i o n  was quenched with  HgO, then 
e x t r a c t e d  with  CHCl^. The e x t r a c t  was washed aqueous s a t u r a t e d  
NaCl, d r i e d  over anhydrous MgSO^, and column chromatographed 
( s i l i c a  g e l ,  EtOAc) to  g ive  148, as c o l o r l e s s  l i q u i d :  23mg; 0.15
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( s i l i c a  g e l ,  EtOAc); *H NMR 65.55 (bs ,  Otf, 1H), 5.92 ( s ,  C//OH, 1H),
7 .05 -7 .2 2  (m, 3 ,5 -p yH, 4H), 7 .46 -7 .63  (m, 4-py//,  2H), 8.31 (d,
6 -pyW, J«5.5Hz,  2H)],  which was a i r  o x i d i z e d ^  t o  g ive  (40%) 
ke tone 145.
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26.  D i (2 -pyr idy l )m e thane  (149).
Potassium hydroxide ( l . l g )  in d i e th y le n e  g lyco l  (20mL) was
hea ted  c a r e f u l l y  under a N2 atmosphere u n t i l  KOH began t o  mel t  and
d i s s o l v e ,  then  the  hea t  was removed u n t i l  t h e  exothermic  process  
130was completed.  A f te r  the  s o lu t i o n  was cooled t o  80-100°C, 145 
(790mg, 4.3mmol) and NHgNl^ (85%; 0.4mL, 10.6mmol) were added.  The 
mixtu re  was heated c a u t i o u s l y  u n t i l  any exothermic r e a c t i o n  was 
complete and then the  d i s t i l l a t e  (ca .  5mL) was c o l l e c t e d  dur ing  
r e f l u x  f o r  4 h. The cooled s o lu t i o n  was poured i n t o  HgO (50mL), 
n e u t r a l i z e d  with  HC1 (IN),  and e x t r a c t e d  with  CHClj. The e x t r a c t  
was washed with  aqueous s a t u r a t e d  NaCl and column chromatographed 
( s i l i c a  g e l ,  CHC13 t o  EtOAc) to  g ive  (71%) 149, as c o l o r l e s s  o i l ,  
which was u n s t a b l e  { in  vacuo, a brown co lored  l i q u i d  r e s u l t e d ) :  
50mg; Rf  0 .10 ( s i l i c a  g e l ,  EtOAc); *H NMR 64.35 ( s ,  C«2 , 2H),
7 .06-7 .31  (m, 3 ,5 -py //, 4H), 7.60 ( t d ,  4-pyH, J=7 .5 ,  1.7Hz, 2H),
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8 .55  (dd,  6 -pyH, J - 7 . 4 ,  1.0Hz,  2H); MS m/e 171 (M++ l ,  2 ) ,  170 (M+, 
21 ) ,  169 (M+-H, 100), 168 (M+-2H, 12).
27.  Dimer o f  1 2 < (2 ,6 -P y r id in o )3 - l 3 - c o ro n an d -3 > l ,5 -d io n e  (150) .
A mix tu re  o f  124 (470mg, l . lmmol)  in c o n c e n t r a te d  HC1 (lOmL) 
and EtOH (lOmL) was r e f lu x e d  f o r  7 h. The r e s u l t i n g  c o l o r l e s s  
s o l u t i o n  was cooled to  O'C and n e u t r a l i z e d  with  s o l i d  NaOH and 
e x t r a c t e d  with  CHC1^• The e x t r a c t  was washed with  aqueous 
s a t u r a t e d  NaCl and d r i e d  over  anhydrous MgSO^. The r e s u l t i n g  s o l i d  
was column chromatographed ( s i l i c a  g e l ,  CHC13 ; EtOH; 10% HOAc/EtOH) 
t o  a f f o r d  crude 150, which was r e c r y s t a l l i z e d  (80%) from EtOH/
CHC13 : 380mg; mp 250*C (d e c ) ;  *H NMR 65.66 ( s ,  ZHZH, 2H), 7.02 
(dd,  3-pytf, J - 7 . 5 ,  1.1Hz, 4H), 7.46 ( t ,  4-pyW, J»7.5Hz,  4H), 7.71 
(dd,  5-pytf, J - 7 . 5 ,  1.1Hz, 4H), 8 .1 3 -8 .4 0  (m, 3 ' , 4 ' - p y t f ,  6H); 13C 
NMR 641.1 (CH), 121.5 (C3), 125.9 & 126.6 ( C 3 ' , 5 ) ,  136.5 (C4),
137.9 ( C 4 ' ) ,  147.1 (C2),  153.0 & 153.1 ( C 2 ' , 6 ) ,  187.9 (C-0 ) ;  MS m/e 
601 (M++ l , 30 ) ,  600 (M+, 77 ) ,  599 (M+-H, 28) ,  572 (M+-CO, 37 ) ,  544 
(M+-C202 , 38) ,  516 (M+-C303 , 10),  466 (M+-C7H302N, 15),  389 
(M+- c i 0H6N, 26) ,  301 (1/2M++H, 100),  300 (1/2M+-C0, 27 ) ,  244 
(1/2M+-C202 , 56 ),  217 (1/2M+-C303 , 28) ;  Anal.  Calcd.  f o r
EtO H
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H, 3 .5 1 ;  N, 13.68.
C,cH,nN,.0.* l /2H,0;  C, 70 .93;  H, 3 .47 ;  N, 13.93.  Found: C, 70.47;
DDQ
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28.  Dehydrogenat ion o f  150. Method A. 132
A s o l u t i o n  o f  150 (49mg, 0.08mmol) and 2 , 3 - d i c h l o r o - 5 , 6 -  
dicyanobenzoquinone (DDQ; 54mg, 0.24mmol) in dry  to l u e n e  (30mL) was 
r e f lu x e d  f o r  23 h under a Ng atmosphere.  The mix tu re  was cooled 
and the  white  s o l i d  was f i l t e r e d ,  then  washed severa l  t imes  with  
t o l u e n e .  The combined to lu e n e  f r a c t i o n  was washed with  aqueous 
s a t u r a t e d  NagCOj and then aqueous s a t u r a t e d  NaCl. A f t e r  d ry ing  
over  anhydrous MgSO^ and evapo ra t ion  o f  s o lv e n t ,  t h e  r e s i d u e  was 
r e c r y s t a l l i z e d  from CHClj t o  g ive  (87%) 151: 43mg; mp 410*C (d ec ) ;  
*H NMR 67.35  (dd,  3-pytf, J - 7 , 6 ,  1.2Hz, 4H), 7.62 ( t ,  4-pyH,
J-7.6HZ, 4H), 7 .96  (dd,  5-py//, J - 7 . 6 ,  1.1Hz, 4H), 8 .15  (dd,  4 ' -py / / ,  
J 3 , 4 , « J 4 , 5 ,= 7.8Hz,  2H), 8 .42 (dd,  3 ' -pyt f ,  J= 7 .8 ,  1.1Hz, 4H); MS 
m/e 598 (M+, 3 ) ,  597 (M+-H, 4 ) ,  301 (1/2M++2H, 100);  Anal.  Calcd.  
f o r  C36H18N604 .1/2CHC13 : C, 66 .60;  H, 2 .83 ;  N, 12 .77.  Found: C, 
67 .04 ;  H, 3 .5 5 ;  N, 12.92.
Method B. A s t i r r e d  s o l u t i o n  o f  150 (105mg, 0.17mmol) in 
CHClj (30mL) was a e r a te d  f o r  7 days .  During a e r a t i o n ,  CHC13 (lOmL,
100
two t im es)  was added and th e  white  s o l i d  p r e c i p i t a t e d ,  which was 
i d e n t i f i e d  as th e  crude 151, which was r e c r y s t a l l i z e d  from CHClj to  
a f f o r d  (>99%) pure  151: 103mg.
O .
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29.  1 2 < (2 ,6 -P y r id in o ) 3 - l 3 - c o r o n a n d - 3 > l , 5 , 9 - t r i o n e  (115) .
A mix tu re  [*H NMR in d i c a t e d  150 (40%) and 151 (60%); 61mg, 
O.lmmol] in g l a c i a l  AcOH (30mL) and Se02 (200mg) was r e f lu x e d  f o r  
10 h.  A dd i t iona l  Se02 (lOOmg) was added and th e  m ix ture  was 
r e f lu x e d  f o r  an o th e r  24 h.  A f t e r  f i l t r a t i o n  o f  t h e  Se* on a C e l i t e  
pad and subsequent  removal o f  th e  s o lv e n t  in vacuo, t h e  r e s u l t a n t  
c o l o r l e s s  t r i k e t o n e  114 was column chromatographed ( s i l i c a  g e l ,
CHC13 t o  10% AcOH/EtOH). The e l u e n t  was washed with  aqueous 
s a t u r a t e d  NaHC03 and s a t u r a t e d  NaCl, and evapora ted  in vacuo to  
a f f o r d  c rude  t r i k e t o n e  115, which was r e c r y s t a l l i z e d  from 
CHCl3/EtOH t o  g ive  (80%) 115: 48mg.
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30.  B i s - 2 - ( 6 - bromopyridyl ) ke tone (140) .
A s o l u t i o n  of  6 - b r o m o - 2 - l i t h io p y r i d in e  (141; 80mmol) was 
cooled  t o  -65*C ( d r y - i c e / a c e t o n e ) , then  e th y l  ch ioro for tna te  (4 .37g ,  
40mmol) d i s s o lv e d  in anhydrous EtgO (lOOmL) was added dropwise  a t  
such a r a t e  t h a t  th e  tem pera tu re  d id  not  exceed -60*C. The mix ture  
was s t i r r e d  v ig o ro u s ly  f o r  two h, then quenched with  MeOH, fol lowed 
by a d d i t i o n  o f  2 . ON HC1. The mixtu re  was r e f lu x e d  f o r  two h, 
n e u t r a l i z e d  with  aqueous s a t u r a t e d  NagCO^, and e x t r a c t e d  with 
CHCl^. The e x t r a c t  was washed with  aqueous s a t u r a t e d  NaCl, d r i e d  
over  anhydrous MgSO^, and c o n ce n t ra te d  in  vacuo t o  a f f o r d  140, as a 
be ige  r e s i d u e ,  which was chromatographed ( s i l i c a  g e l ,  DCM): 8.69g 
(63%); mp 152-153‘C (1 i t . 121a mp 155-156.5*C); NMR 67.70 (d,
5-pytf, J-2.6HZ, 2H), 7 .72 (d,  3-pytf, J«6.0Hz,  2H), 8 .08  (dd,  4-py//, 
J - 6 . 0 ,  2.6Hz,  2H).
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31.  2 , 2 - B 7 S - 2 ' - ( 6 , -b ro m o p y r id y l ) - l ,3 -d 1 o x o lan e  (126) .
l ? l rMethod A. A s l u r r y  o f  b i s - 2 - (6 ' -b rom opyr idy l ) ketone (140)
(980mg, 2.9mmol), anhydrous Li2C03 ( 5 .0 g ) ,  and 2-bromoethanol  
(30mL), as  r e a c t a n t  and s o lv e n t ,  was r e f lu x e d  g e n t ly  f o r  f i v e  hr  
under a N2 a tmosphere.  Excess 2-bromoethanol  was removed by vacuum 
d i s t i l l a t i o n  and th e  cooled r e s id u e  was poured i n t o  an aqueous 
Na2C03 (5%, 400mL), which was then  e x t r a c t e d  with  CHCl^. The 
o rg an ic  e x t r a c t  was d r i e d  over  anhydrous MgSO^, passed  th rough a 
column ( s i l i c a  g e l ,  DCM), and c o n ce n t ra te d  in vacuo t o  g ive  a 
v iscous  be ige  o i l ,  which was t r i t u r a t e d  with  i c e - c o l d  EtOH, then  
r e c r y s t a l l i z e d  from EtOH/CHCl^ t o  a f f o r d  (38%) ke t a l  126, as 
c o l o r l e s s  rhombohedra: 420mg; mp (1 i t . 121c mp 146-148‘C);
*H NMR 64.15 ( s ,  CH21 4H), 7.38 (dd,  3 /5 -p yH, J - 6 . 9 ,  1.6Hz, 2H), 
7 .57 ( t ,  4-pytf, J-7.2HZ, 2H), 7.80 (dd, 5/3-py// ,  J - 6 . 4 ,  1.6Hz, 2H).
119aMethod B. A mix tu re  o f  140 (880mg, 2 .6  mmol) was t r e a t e d
accord ing  t o  Method A, excep t  f o r  th e  use o f  2 - ch lo roe thano l  (30mL) 
and a r e f l u x  pe r iod  o f  t h r e e  days ,  t o  g ive  ( 12%) k e t a l  126: 120mg.
H I
Method C. A mix tu re  o f  140 (9 .90g,  29.2mmol), f r e s h l y  
d i s t i l l e d  e t h y le n e  g lyco l  (lOmL), and c o n c e n t r a te d  HgSO^ (10 drops ,  
0.5mL) in  anhydrous to l u e n e  (200mL) was r e f lu x e d  g e n t l y  f o r  10 
days .  Water was removed by means o f  a Dean-Stark w a te r  s e p a r a t o r .  
The m ix ture  was cooled t o  25*C and poured in t o  i c e - c o l d  aqueous 
s a t u r a t e d  NaHCOj. This  suspension  was f i l t e r e d  and th e  aqueous 
s o l u t i o n  e x t r a c t e d  sev e ra l  t imes  with  CHCl^. The combined o rgan ic  
e x t r a c t  was washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over  
anhydrous MgSO^, and evapora ted  in vacuo t o  g ive  th e  r e s u l t i n g  
ye l low  s o l i d ,  which was r e c r y s t a l l i z e d  from EtOH/CHCl^ t o  a f f o r d  
(90%) 126: 10.10g.
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32.  1 6 < (2 ,6 -P y r id in o )4 - l ^ - c o r o n a n d - 4 > l f9 -d icy a n o -5 ,1 3 -d io n e  
Ethylene  Glycol B lsk e ta l  (127) .
\
A mix tu re  o f  LiH (520mg), d ry  MeCN (lOmL), d ibromoketal  126 
(2 .03g ,  5.3mmol) in r e d i s t i l l e d  TMEDA (13mL), and anhydrous benzene 
(250mL) was r e f lu x e d  f o r  2 days under a N2 a tmosphere.  The dark  
brown m ix ture  was quenched with  w a te r .  The o rg an ic  s o lv e n t  was 
removed in vacuo and aqueous HC1 (0.1N) was added u n t i l  t h e  aqueous 
l a y e r  remained a c i d i c .  The aqueous l a y e r  was e x t r a c t e d  with  CHC13 .
CH3C N /4 - i H
T M E D A /B z
The combined o rgan ic  e x t r a c t  was washed with  aqueous s a t u r a t e d  
NaCl, d r i e d  over  anhydrous MgS04 , then  c o n c e n t r a te d  in vacuo to  
g iv e  a ye l low  s o l i d ,  which was chromatographed (ThLC, alumina,  DCM) 
and r e c r y s t a l l i z e d  from DCM/cyclohexane t o  a f f o r d  (22%) cyc lo-  
t e t r a p y r i d i n e  127: 300mg; mp 390'C (dec ) ;  0 .39  (alumina,  DCM); 
l H NMR £4.24 (m, C 8H), 6.90 (m, 3-pyH, 4H), 7.36 (m, 4,5-pyW, 
8H), 15.04 (bs ,  NH, 2H); 13C NMR £65.0 ,  65.5  (CH2 ) ,  70.4 (CC«N), 
105.4 (0C0),  110.0 (C3), 120.1 (C5),  122.1 (C*N), 136.9 (C4), 151.3 
(C6 ) , 154.9 (C2) ; IR (KBr) 2190cm'1 (C*N); MS m/e 531 (M++ l ,  29 ) ,  
530 (M+ , 100), 486 (M+-C2H40, 8 ) ,  458 (M+-C3H402 , 42 ) ,  442
(M+‘ C4H8 ° 2 ’ 17,5 414 (M+-C5H8 ° 3 ’ 31) ;  Ana l - C a lcd - f o r
C30H22N6°4#1/2CH2C12 : C’ 63,93 ;  H’ 4 l05 ;  N’ 14-67,  Found: C’
63 .47 ;  H, 3 .65 ;  N, 14.37.
33.  l 6 < ( 2 ,6 - P y r i d i n o ) 4 - l 4 -coronand-4>l ,9 -d1one  (152) .
A s o l u t i o n  o f  c y c l o t e t r a p y r i d i n e  127 (200mg, 0.4mmol) and 
c o n c e n t r a t e d  HC1 (20mL) was r e f lu x e d  f o r  10 h,  then  n e u t r a l i z e d  
w i th  s o l i d  NaOH and e x t r a c t e d  with  CHC\ 3 (2x500mL). The o rgan ic  
e x t r a c t  was washed with  aqueous s a t u r a t e d  NaCl, d r i e d  over  
anhydrous MgS04 , c o n c e n t r a te d  in vacuo t o  a f f o r d  impure d ike tone
127 152
105
152, as  c o l o r l e s s  s o l i d ,  which was u n s ta b l e  ( e a s i l y  o x i d i z e d ) :  H
NMR 64.09 (d,  CH2 , J«3.8Hz,  4H), 6 . 9 - 7 .8  (m, pyH, 12H); MS m/e 393 
(M++ l , 33 ) ,  392 (M+, 93) ,  363 (M+-CH0, 100),  336 (M+-C202 , 28),  335 
(M+-C2H02 , 26) .  This  d ione  was not  p u r i f i e d  f u r t h e r  but  
immediately ox id ized  to  125.
34.  1 6 < (2 ,6 -P y r id in o )4 - l 4 - c o r o n a n d - 4 > l ,5 , 9 ,1 3 - t e t r a o n e  (125) .
A suspension  o f  impure d ike tone  152 (180mg, 0.4mmol), Se02 
(lOOmg), and g l a c i a l  AcOH (20mL) was r e f lu x e d  f o r  10 h. The 
m ix tu re  was d i l u t e d  with  EtOH (40mL) and column chromatographed on 
s i l i c a  gel  e l u t i n g  with  HOAc/EtOH (50:50) then  CHCl-j. The e l u e n t  
was n e u t r a l i z e d  with  aqueous s a t u r a t e d  Na2C03 , washed with  aqueous 
s a t u r a t e d  NaCl, and evapora ted  in vacuo t o  g ive  crude t e t r a k e t o n e  
125, which was r e c r y s t a l l i z e d  from CHClj/EtOH to  g ive  (80% from 
127) 125, as c o l o r l e s s  ne e d le s :  150mg; mp 380*C (d e c ) ;  *H NMR 
(400MHz) 67 .89-7 .94  (m, pyH, 12H); 13C NMR 6125.7 (C3),  137.8 (C4), 
155.1 (C2),  195.0 (C=0); MS m/e 421 (M++ l ,  29) ,  420 (M+, 100), 336 
(M+-C303 , 80 ) ,  308 (M+-C404 , 57) ;  Anal.  Calcd.  f o r  C24H12N404 : C, 
68 .57 ;  H, 2 .88 ;  N, 13 .33.  Found: C, 67 .00;  H, 3 .3 4 ;  N, 12.94.
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35.  1 6 < ( 2 , 6 - P y r id in o ) 4 - l 4 - c o r o n a n d - 4 > l , 5 , 9 , 1 3 - t e t r a o n e  E th y len e  
Glycol B is k e t a l  (153) .
To a s t i r r e d  i c e - c o o le d  s o l u t i o n  o f  c y c l i c  t e t r a p y r i d i n e  127 
(54mg, l.Ommol) in CHC13 (30mL), was added m-ch loroperbenzo ic  ac id  
(460mg, 85% p u r i t y ,  2.1mmol) over  30 min. A f t e r  4 h a t  25*C, the  
r e s u l t i n g  c o l o r l e s s  s o l u t i o n  was s e q u e n t i a l l y  washed with  aqueous 
s a t u r a t e d  NaHCO^ and aqueous s a t u r a t e d  NaCl. The CHClj e x t r a c t  was 
d r i e d  over anhydrous MgS04 and c o n ce n t ra te d  in vacuo t o  a f f o r d  
crude d i k e t a l  153: NMR 64.06 ( s ,  C#2 , 8 ) ,  7 .40 -7 .71  (m, py//,
9H); MS m/e 508 (M+, 7 ) ,  465 (M+-C2H30,  36 ) ,  419 (M+-C4H902 , 46) ,  
393 (M+-C5H903 , 10),  364 (M+-C6Hg04 , 14),  336 (M+-C7Hq05 , 24) .  
F u r th e r  p u r i f i c a t i o n  o f  153 was not  s u cces s fu l  because o f  low 
s o l u b i l i t y .
107
125153
36.  l6 < (2 ,6 -P y r id 1 n o )4 - l 4 - c o r o n a n d - 4 > l , 5 , 9 , l 3 - t e t r a o n e  (125) .
A mix tu re  o f  crude d i k e t a l  153 (500mg, l.Ommol) in 
c o n c e n t r a te d  HC1 (50mL) was re f lu x e d  v ig o ro u s ly  f o r  36 h,  then  
a d d i t i o n a l  c o n ce n t ra te d  HC1 (lOmL) was added (4X) every  8 h.  The 
a c i d i c  s o l u t i o n  was n e u t r a l i z e d  with  s o l i d  NaOH and e x t r a c t e d  with 
CHCl^ (2x500mL). The CHC13 l a y e r  was washed with  aqueous s a t u r a t e d  
NaCl, d r i e d  over anhydrous MgSO^, and evapora ted  in vacuo t o  g ive  a 
c o l o r l e s s  s o l i d ,  which was r e c r y s t a l l i z e d  from CHClj/EtOH t o  g ive  
(70% from 127 t e t r a k e t o n e  125, which was i d e n t i c a l  t o  th e  
p r e v io u s l y  prepared  sample: 300mg.
VII. Results and Discussion
Our main r e s e a r c h  goal was th e  s y n th e s i s  and c h a r a c t e r i z a t i o n  
o f  t h e  f i r s t  pyr id inophane  115 and i t s  homologs. Trione  115 was 
surmised t o  possess  a n o ta b le  c o r e - s t r a i n  a t t r i b u t e d  t o  /V-AMnter- 
a c t i o n s  w i th in  th e  c a v i t y ,  but  by coupl ing  th e  r i n g s  with  p o la r i z e d  
carbon atoms, an e l e c t r o n  r i c h  core  would be produced.  Although 
r e l a t e d  macrocycles 116**® and 117**^ have been s y n th e s i z e d ,  th e s e  
12-membered r i n g s  a l l  posse ss  non-p lana r  conformations  and,  as 
such,  a r e  l i m i t e d  in t h e i r  s p e c i f i c  metal ion c h e l a t i o n  and were 
poor models to  a s s e s s  th e  lone  p a i r  i n t e r a c t i o n ( s ) . The i n t r o -  
d u c t io n  o f  p l a n a r  sp -b r id g e  f u n c t i o n a l i t i e s  such as ca rb o n y l s ,  
should  fo r c e  th e  macrocycle i n t o  a r i g i d ,  p l a n a r ,  o r  n e a r l y  so,  
s t r u c t u r e .  Any d e v i a t i o n  from p l a n a r i t y  would be predominantly  
caused by the  /V-lone p a i r  i n t e r a c t i o n s .  In s p e c t io n  o f  a CPK models 
o f  115 in d i c a t e d  t h a t  a p la n a r  conformat ion  with  a minimum of  
s t e r i c  i n t e r a c t i o n s  was n e v e r t h e l e s s  p l a u s i b l e .
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The in h e re n t  s t r u c t u r a l  r i g i d i t y  and high e l e c t r o n  d e n s i t y  
w i th i n  t h e  c a v i t y  should enhance t h e  c h e l a t i n g  c h a r a c t e r i s t i c s  of  
115 in  a t  l e a s t  two ways. F i r s t l y ,  th e  p y r id i n e  AMone e l e c t r o n  
p a i r s  w i l l  be d i r e c t e d  i n t o  t h e  c a v i t y  o f  t h e s e  p o t e n t i a l l y  p la n a r  
macrocycle s ,  th u s  a high Lewis b a s i c i t y  i s  expec ted .  Based upon 
s t r u c t u r a l  in fo rm at ion  from th e  r e l a t e d  s u l f u r - b r i d g e d  macrocycle 
116,**® th e  H- lone  e l e c t r o n  p a i r  d e n s i t y  o f  th e  t h r e e  r i n g s  i s  
p r e d i c t e d  to  be g r e a t e r  than  th e  e f f e c t i v e  c a v i t y  volume o f  t r i o n e  
115; t h u s ,  th e  e x t e n t  o f  d i r e c t  W-elect ron  i n t e r a c t i o n s  can be 
r e l a t e d  to  th e  degree  o f  d e v i a t io n  from p l a n a r i t y .  I f  th e  r i n g s  
a r e  p l a n a r ,  t h e  s i z e ,  shape and volume o f  N- lone  p a i r  e l e c t r o n  
o r b i t a l s  must be reduced .  Several  conformations  a r e  p o s s i b l e ;  the  
f i r s t  o p t i o n ,  115a, a l i g n s  N- lone  p a i r s  up and on th e  same s id e  o f  
th e  molecule .  The second o p t io n ,  115b, sugges ts  t h a t  two AMone 
p a i r s  a re  t i p p e d  o u t - o f - t h e - p l a n e  on one s id e  o f  th e  molecu le ,  and 
th e  t h i r d  i s  t i p p e d  in t h e  op p o s i te  d i r e c t i o n .  The t h i r d  o p t io n ,  
115c, d e f in e s  a n o n -p la n a r ,  h e l i c a l  conformation w i th  Cs symmetry, 
in  which th e  N- lone  e l e c t r o n  p a i r s  a re  d i r e c t e d  s e q u e n t i a l l y  above, 
in  t h e  p la n e ,  and below th e  p l a n e -o f - th e -m o l e c u le .  These
115a 115c
conformations  a re  f ix e d  by th e  high b a r r i e r  t o  r o t a t i n g  an e l e c t r o n  
p a i r  th rough th e  c a v i t y  o f  t h e  molecule .
Secondly,  enhanced s e l e c t i v i t y  in metal ion i n c lu s io n  i s  
expec ted  because t h e  non-bonding e l e c t r o n s  a r e  he ld  in  a f ix ed  
o r i e n t a t i o n  w i th in  a l i m i t e d  r a d i u s .  Thus only  c a t i o n s ,  which w i l l  
f i t  i n t o  or  onto  th e  r i n g  c a v i t y ,  would be s t a b i l i z e d  by c h e l a t i o n .  
The r a d i u s  o f  the  r i n g  can be a d j u s t e d  by i n c re a s i n g  th e  number o f  
atoms in  th e  macrocycle ,  th u s  i t  should be p o s s i b l e  t o  " t a i l o r "  the  
c a v i t y  t o  custom f i t  a small " g u e s t " .  The a b i l i t y  t o  " t a i l o r "  a 
h o s t  c a v i t y  t o  "custom f i t "  a g u e s t  i s  g r e a t l y  d im in ished  in the  
co r respond ing  n o n - r ig i d  l i g a n d s ,  which can e a s i l y  r e d i r e c t  the  
Af-electron p a i r s  via  minor confo rmationa l  changes.  I f  th e  e l e c t r o n  
p a i r s  a re  r e d i r e c t e d  toward c a t i o n ;  th e  l ig an d  i n t e r a c t i o n  would be 
s t r o n g e r ,  but  l e s s  s e l e c t i v e .
The genera l  r o u t e  t o  t h e  i n i t i a l  t a r g e t  115 i s  i l l u s t r a t e d  in 
Scheme 6 . The d i s c u s s io n  i s  subdiv ided  i n t o  t h e  major t r a n s f o r m a ­
t i o n s  n ece ss a ry  f o r  a l o g i c a l  p ro g re s s io n  f o r  t h e  t o t a l  s y n t h e s i s .  
The o v e r - a l l  c o n s t r u c t i o n  o f  t h e s e  novel macrocyc les  i s  d i s c u s s e d  
from th e  s t a n d p o i n t  o f  p r e v io u s l y  documented model r e a c t i o n s .  The 
s u b d iv i s io n s  u t i l i z e d  in  t h i s  d i s c u s s io n  a r e  ( i n  o r d e r ) :  ( 1)
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sy n th ese s  o f  p y r idy l  ketone k e t a l s ;  ( 2 ) a - c a rb a n io n  format ion  of  
a c e t o n i t r i l e s ;  (3) c y c l i z a t i o n  t o  form [ l £ ] ( 2 , 6 ) p y r i d i n o p h a n e s ;  (4) 
m o d i f i c a t i o n  o f  t r i o n e  115; (5) s e l f - d i m e r i z a t i o n  o f  143 and 
dehydrogena tion  o f  i t s  dimer (150);  (6 ) s y n t h e s i s  o f  t e t r a k e t o n e  
125; and (7) t r a n s i t i o n  metal complexation o f  t r i o n e  115.
V I I -1 .  Syntheses  o f  Pyr idyl  Ketone K e ta l s
F a b r i c a t i o n  o f  a key p r e c u r s o r  (123J was accomplished by a 
c l a s s i c  tw o-s tage  sequence from r e a d i l y  a v a i l a b l e  s t a r t i n g  
m a t e r i a l s ,  2 , 6 -d ib romopyr id ine  and 2 , 6 -d i (m ethoxycarbony l ) -  
p y r id i n e  (130) .  Stage one involved  th e  r e a c t i o n  o f  th e  s u b s t i t u t e d
o o
s t a g e  o n e 142
s t a g e  tw o
123
11t h i o p y r i d i n e  141 with  d i e s t e r  130, then  in  s t a g e  two th e  carbonyl 
groups were k e t a l i z e d  t o  a f f o r d  b i s -k e t a l  123.
Ear ly  work by Holm e t  a l . * Z1k ’c i n d i c a t e d  t h a t  t r e a tm e n t  o f
2 , 6 -d ib rom opyr id ine  with  a l k y l l i t h i u m s  via  an en t ra inm ent  
121aprocedures  g en e ra te d  (£82%) 6 -bromo-2 - l i t h i o p y r i d i n e  (141) .  
E l a b o ra t i o n  o f  t h i s  t e ch n iq u e  by Newkome e t  al  . 119,1Zlc*’ 9 showed 
t h a t  2 , 6 -d ib rom opyr id ine ,  when t r e a t e d  with  n - b u t y l 1 i th ium in e t h e r  
a t  low te m p e ra tu r e s ,  q u a n t i t a t i v e l y  gene ra ted  p y r i d y l l i t h i u m  141. 
However, 141 i s  only s ta b le  a t  low temperature (<-80*C); a t  
e l e v a t e d  t em pera tu re  (> -60 ‘C), spontaneous decomposi t ion gave a 
myriad o f  unknown p ro d u c t s .  In THF, a f a c i l e  b / s - m e ta l - h a lo g e n  
exchange occurred  a t  <-80*C; again a t  e l e v a t e d  tem pera tu re  
(>-60*C), decompos it ion o c cu r red .  Thus, a l l  r e a c t i o n s  invo lv ing  
in t e r m e d i a t e  141 were conducted a t  -78*C ( d r y - i c e  ace tone  b a t h ) .
Treatment o f  dimethyl  2 , 6 - p y r i d i n e d i c a r b o x y l a t e  (130) w ith  141 
in  e i t h e r  d i e t h y l  e t h e r  o r  THF a t  -80*C gave (40%) o f  2 , 6 - b i s [ 2 ' - 
( 6 ' - b r o m o p i c o l i n o y l ) ] p y r i d i n e  (142) .  The NMR and mass s p e c t r a  o f  
d ik e to n e  142 were c o n s i s t e n t  with  th e  proposed s t r u c t u r e .  The *H 
NMR spectrum o f  142 was n e a r l y  f i r s t  o rd e r  showing a do u b le t  a t  
67 .48 f o r  5 ' -py// ,  a t r i p l e t  a t  67.82 f o r  4' -pyW, and a m u l t i p l e t  a t  
68 .04-8 .21  in c lu d in g  a d o u b le t  a t  68.36 f o r  3-pyW. The MS d a t a  fo r  
142 were dominated by t h r e e  peaks a t  m/e 449, 447, and 445, c o r r e s ­
ponding t o  t h e  i s o t o p i c a l l y  d i f f e r e n t  m olecu la r  ions  p o s se s s in g  the  
a p p r o p r i a t e  8 :1 7 : 8  r a t i o  o f  th e  r e l a t i v e  i n t e n s i t i e s .
K e t a l i z a t i o n  o f  142 was e s s e n t i a l  t o  p rev en t  concomitant  
n u c l e o p h i l i c  a d d i t i o n  t o  th e  ca rbony ls  du r ing  th e  c y c l i z a t i o n  s t e p .
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K e t a l i z a t i o n  o f  p y r idy l  ketones  has been s tu d i e d  in d e t a i l  by
novel t w i s t  t o  t h e  t r a d i t i o n a l  a c i d - c a t a l y z e d  k e t a l i z a t i o n  
p ro c e d u re s .  B ase -ca ta ly z ed  k e t a l i z a t i o n  o f  model py r idy l  ketone
th e  mechanism shown in  Scheme 7. I n i t i a l  /V -qua te rn iza t ion  with  
2 -h a lo e th an o l  a f fo rd e d  complex 154. The in t e r m e d i a t e  i n t e r a c t e d  
w i th  l i t h i u m  ca rbona te  t o  g e n e ra te  z w i t t e r i o n  155, which could 
a t t a c k  th e  carbonyl i n t r a m o l e c u l a r l y  to  y i e l d  in t e rm e d ia te  156. 
Subsequent  c y c l i z a t i o n  o f  156 via  n u c l e o p h i l i c  d i sp lacem ent  o f  a 
p y r id i n e  moiety gene ra ted  (45%) 1 ,3 -d io x o lan e  157.
119aSauer and shown t o  proceed under b a s ic  c o n d i t i o n s .  This i s  a
121c145 with  2 - c h l o r o ( o r  bromo)ethanol  was proposed t o  proceed via
Scheme 7
145 154
S  155
157 156
B ase -ca ta ly z ed  k e t a l i z a t i o n  o f  142 us ing  2 - c h lo ro -  o r  2-bromo-
e thano l  a f fo rd e d  l e s s  than  40% o f  123 and r e q u i r e d  a l a b o r
i n t e n s i v e  i s o l a t i o n  p rocedure  t o  remove th e  l a s t  t r a c e s  o f  the
ha loa lcoho l  and o t h e r  s i d e  p ro d u c t s .  Thus,  t h e  more t r a d i t i o n a l
131a c i d  c a t a ly z e d  k e t a l i z a t i o n  o f  142 via  e t h y le n e  g lyco l  was found 
t o  be p r e f e r a b l e ,  in  t h a t  t r e a tm e n t  o f  142 with  f r e s h ly  d i s t i l l e d  
e t h y le n e  g lyco l  and a c a t a l y t i c  amount o f  c o n c e n t r a te d  HgSO^ in 
r e f l u x i n g  dry  to l u e n e  f o r  ten days a f fo rd e d  (70%) 123. Ketal 123 
was e a s i l y  r e c r y s t a l l i z e d  from a mix tu re  o f  EtOH and CHCl^ and was 
i d e n t i f i e d  (*H NMR) by t h e  sp ike  a t  64 .10 f o r  ke t a l  hydrogens.  The 
l o s s  o f  th e  carbonyl  a b s o rp t io n  (IR; 1685, 1320cm**) in 123 dur ing  
t h i s  p r o t e c t i o n  p rocess  f u r t h e r  confirmed th e  t r a n s f o r m a t io n .
V I I -2 .  Q-Carbanion Formation o f  A c e t o n i t r i l e s
1332 -C h lo roqu ino l ine  r e a c t e d  smoothly with  e i t h e r  t e r t - b u t y l  
o r  e th y l  so d io c y a n o a c e ta te  o r  s o d io m a lo n o n i t r i l e  t o  g ive  e i t h e r  
t e r t -bu ty l  (158a) ,  e th y l  c y a n o - 2 ( l / / ) - q u i n o l y l i d e n e a c e t a t e  (158b), 
o r  2 ( l / / ) - q u i n o l y l i d e n e m a l o n o n i t r i l e  (158c) ,  r e s p e c t i v e l y .  However, 
t h e  r e a c t i o n  o f  2 - c h l o r o q u i n o l in e  with  t h e  sodiocyanoacetamide d id  
not  g iv e  t h e  expec ted  p ro d u c t ,  cyano-2 ( l / / ) -q u in o ly l id e n e a c e t a m id e  
(158d) ,  under t h e s e  c o n d i t i o n s .  In s te a d  an orange ,  h igh -m el t ing  
2 - q u i n o l y l - ( 2 / / ) - q u i n o l y l i d e n e a c e t o n i t r i l e  (160) was ob ta ined  in  34% 
y i e l d .  The con juga ted  s t r u c t u r e  was conf irmed by a s h i f t  in  th e  
n i t r i l e  a b s o rp t io n  t o  2200 cm~* (IR) and th e  in t e n s e  UV-visib le
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a b s o r p t i o n  s p e c t r a ;  *max276 (CHClj, l o g c -4 . 3 7 ) ,  322 ( 4 .1 7 ) ,  363 
( 3 . 8 4 ) ,  382 ( 3 . 9 0 ) ,  432 ( 4 .2 3 ) ,  456 (4 .4 3 ) ,  and 485 ( 4 .3 3 ) .
invo lved  th e  format ion  o f  158d, which with  s t ro n g  base was 
conver ted  to  anion 159b. Subsequent  r e a c t i o n  o f  159b with  
2 - c h l o r o q u i n o l in e  gave 2 ,2 ' - d iq u in o ly l c y a n o a c e ta m id e  (159d).  A 
novel  e l i m i n a t i o n  o f  i s o cy an ic  a c i d ,  i n i t i a t e d  by i n t r a m o l e c u la r  
a b s t r a c t i o n  o f  a proton from the  amido o f  159d, would g e n e ra te  
t h e  ex t remely  s t a b l e  meso-cyanide 160. This  proposed mechanism was 
suppor ted  by th e  i s o l a t i o n  o f  sodium cyana te  and by t r a p p i n g  
in t e r m e d i a t e  158d when th e  r e a c t i o n  was conducted a t  50*C f o r  one 
hour .
S i m i l a r l y ,  th e  r e a c t i o n  between sod iocyanoacetamide and 
6 , 6 ' - d i b r o m o - 2 , 2 ' - b i p y r i d i n e  (94) gave (20%) c y c l o - 6 T S - 2 - p y r id y l - 
2 ' ( l W ) - p y r i d y l i d e n e a c e t o n i t r i l e  (95) ,  which showed a b s o rp t io n  
maxima ( in  1 -ch lo ronaph tha lene )  a t  357nm (636 ,600) ,  375 (37 ,000 ) ,  
508 (7 ,0 0 0 ) ,  541 (5 ,6 0 0 ) ,  and 592 (3 ,000)  i n d i c a t i v e  o f  a h igh ly  
con juga ted  system, and con juga ted  n i t r i l e  a b s o rp t io n  (IR) a t  2180
133A p l a u s i b l e  mechanism f o r  t h i s  anomalous t r a n s f o r m a t io n
cm-1 100
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Condensat ion o f  h a l o p y r i d in e s  with  a c e t o n i t r i l e  produced a
103c l a s s  o f  compounds c a l l e d  quinolylmethanes , which c o n s i s t  o f
methane and i t s  d e r i v a t i v e s  in which two o r  t h r e e  hydrogen atoms
a r e  s u b s t i t u t e d  by six-membered h e t e r o c y c l e s  ( i . e .  p y r id i n e ,
q u in o l in e  o r  b e n z o q u i n o l in e ) . Quinolylmethanes a r e  t h e  fundamental
b u i l d in g  b locks  o f  many cyanine  dye s t u f f s ,  presumably due t o  the
fo rm at ion  o f  t a u to m er ic  s p e c i e s .  Mesomerical ly s t a b i l i z e d  co lored
forms a r e  produced from th e  c o l o r l e s s  s p e c ie s  by th e  r e h y b r id i z a -
3 2t i o n  o f  a b r id g in g  sp - t o  sp -carbon with  a co n cu r ren t  i n t r a ­
m o lecu la r  p ro ton  s h i f t .  As p a r t  o f  a program d i r e c t e d  t o  the  
s y n these s  o f  ( 2 , 6 )p y r id i n o p h a n e s ,  t h e  s y n th e s e s  o f  meso-cyano 
compounds (o r  qu ino ly lm ethanes)  were s tu d ie d  f o r  i n s i g h t  i n t o  t h e i r  
p hys ica l  and chemical p r o p e r t i e s ,  such as t h e i r  t a u to m er ic  behavior  
and r e a c t i v i t y  towards h y d ro ly s i s  a nd /o r  o x id a t io n .
S i g n i f i c a n t  e a r l y  c o n t r i b u t i o n s  t o  the  s y n th e s i s  and
c h a r a c t e r i z a t i o n  o f  qu inoly lmethanes  were made s y s t e m a t i c a l l y  by 
113S cheibe .  For examples,  b i s ( 2 - p y r i d y l ) a c e t o n i t r i l e  (128) ,  the
s im p l e s t  meso-cyanide (o r  qu ino ly lm e thane) ,  was prepared  ( 12%) by
113h e a t in g  2 - c h lo r o p y r i d in e  with  NaNHg and CHjCN in dry  to lu e n e .
The symmetrical d i - [ 2 - ( o r  4 - ) q u i n o l y l ] a c e t o n i t r i l e s  were a l s o
CN
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prepa red  by h e a t in g  2- o r  4 - h a lo q u i n o l i n e  with  NaNH^ and CHjCN, 
r e s p e c t i v e l y .
S ince  p y r id i n e  i s  a i r - d e f i c i e n t  h e t e ro a ro m a t ic  molecu le (Chap. 
I l l ) ,  t h e  py r idy l  group can be s u b s t i t u t e d  f o r  t y p i c a l  e l e c t r o n -  
withdrawing groups in  o r d e r  t o  a c t i v a t e  th e  hydrogen o f  
a c e t o n i t r i l e .  Thus when 2 - p y r i d y l a c e t o n i t r i l e  was t r e a t e d  with  NaH 
in  DMF, then  quenched with  D2O, both me thy len ic  hydrogens 
exchanged.  A p p a re n t ly ,  t h e  exchange was promoted by fo rm a t ion  o f  
a - c a rb a n io n  in t e rm e d ia te  161, which should undergo an a c id -b as e  
i n t e r a c t i o n  with  D20 to  y i e l d  162.
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Heat ing 2 - p y r i d y l a c e t o n i t r i l e  with  NaH and 2-bromopyrid ine in 
d ry  DMF gave (73%) th e  b » s ( 2 - p y r i d y l ) a c e t o n i t r i l e  (128b),  as  ye l low 
f i b e r s .  The mesomerica l ly  s t a b i l i z e d  co lo re d  form 128b was 
produced from th e  c o l o r l e s s  tau tomer  128a by r e h y b r i d i z a t i o n  o f
3 2b r id g in g  th e  sp - t o  sp -carbon via  an i n t r a m o l e c u l a r  p ro ton  s h i f t .
The *H NMR spectrum o f  128b showed a broad s i n g l e t  a t  616.3 
113( l i t .  616.1)  i n d i c a t i v e  o f  a s t ro n g  N-H»*N i n t e r a c t i o n ;  t h i s
p ro ton  was not  r e a d i l y  exchanged with  DgO a t  25’ C. Only two
s i g n a l s  could  be i d e n t i f i e d  in  t h e  a rom at ic  r e g io n ;  two d o u b le t s  of
t r i p l e t s  a t  66.60  and 7.91 f o r  t h e  5-pyH and 6-pyW, r e s p e c t i v e l y .
13Support  f o r  t a u to m e r i z a t i o n  in  128b was shown in  t h e  C NMR d a t a ;  
seven s i g n a l s  f o r  th e  p y r id i n e  and n i t r i l e  ca rbons  appeared a t  
expec ted  p o s i t i o n ,  however, th e  methine b r id g e  carbon appeared a t  
667 .5 .  The reduced frequency o f  th e  n i t r i l e  in  t h e  IR spectrum was 
a l s o  i n d i c a t i v e  o f  ex tended aromatic  c o n ju g a t io n .
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An analogous r e a c t i o n  was conducted w i th  2 - p y r i d y l a c e t o n i t r i l e
and 2 ,6 -d ib rom opyr id ine  in  o rd e r  to  s y n th e s i z e  t h e  d e s i r e d  163.
However, under t h e s e  c o n d i t i o n s ,  no t r i p y r i d i n e  163 was formed;
i n s t e a d ,  129 was i s o l a t e d  (81%), as  ye l low  f i b e r s .  The *H NMR
spectrum o f  129 e x h i b i t e d  th e  c h a r a c t e r i s t i c  broad s i n g l e t  a t  615.1
13i n d i c a t i v e  o f  th e  N-H*»N i n t e r a c t i o n  and C NMR d a t a  showed twelve 
s i g n a l s  in c lu d in g  th e  unique s igna l  a t  668.4 f o r  t h e  methine br idge
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ca rbon.  A n i t r i l e  a b s o rp t io n  (IR) a t  2185 cm’ * was again 
c h a r a c t e r i s t i c  o f  a con juga ted  n i t r i l e .  The MS d a t a  were dominated 
by two peaks a t  m/e 275 and 273 with  th e  r a t i o  (4 :5 )  o f  th e  
r e l a t i v e  i n t e n s i t i e s ,  co r responding  t o  th e  i s o t o p i c a l l y  d i f f e r e n t  
m o lecu la r  ions .
/ N a H / D M F
/NaH/DMF
The r e a c t i o n  c o n d i t i o n s  were modif ied  ( r e a c t i o n  t im es ,  
s o l v e n t s / t e m p e r a t u r e s ,  b a s e - c a t a l y s t s ) ; a l l  t o  no a v a i l !  At t h i s  
j u n c t i o n ,  a d i f f e r e n t  t a c k  was a t tempted  in  which th e  sodium s a l t  
o f  b ? s (2 ,6 - c y a n o m e th y l )p y r id in e  (133) and 2-bromopyrid ine were 
c o n s id e re d .  This  p rocedure  was, however, unsuccess fu l  in  t h a t  only
2 - p y r i d y l - 2 / - ( 6 ' - c y a n o m e t h y l p y r i d y l ) a c e t o n i t r i l e  (134) could be 
i s o l a t e d  in 36% y i e l d .  This  s t r u c t u r a l  assignment was confirmed by 
i t s  *H NMR spectrum which showed a s i n g l e t  a t  64.00 f o r  cyano- 
methylene and a c h a r a c t e r i s t i c  broad s i n g l e t  a t  615.8  f o r  th e  N-H 
p ro to n .  F u r th e r  s u p p o r t iv e  13C NMR d a t a  f o r  134 showed fo u r te e n  
s i g n a l s  in c lu d in g  th e  methine carbon a t  675 .5 .  The IR spectrum 
d i s p la y e d  both con juga ted  and unconjugated n i t r i l e  a b s o r p t i o n s  a t  
2180 and 2250cm'*, r e s p e c t i v e l y .
The i n i t i a l  s y n t h e t i c  r o u te  to  he teromacrocycle  164 was 
des igned  so t h a t  the  o -ca rban ion  would s e l f - c o n d e n s e  with  th e  
a - p y r i d y l  bromide.  The r e a c t i o n  was conducted a t  a c a r e f u l l y  
c o n t r o l l e d  t em pera tu re  (120*C) in DMF t o  p reven t  s o lv e n t  
decomposi t ion .  A f t e r  work-up,  th e  d e s i r e d  macrocycle 164 was not  
d e t e c t e d  but  i n s t e a d  th e  d i p y r i d i n e  135 was i s o l a t e d  in 75% y i e l d ,  
as  ye l low  f i b e r s .  The *H NMR spectrum o f  135 e x h i b i t e d  a broad 
s i n g l e t  (6 1 5 .6 ) ,  which i n t e g r a t e d  f o r  one p ro ton ,  t y p i c a l  f o r  the  
hydrogen bonded N-H. The MS d a t a  were dominated by two peaks a t  
n\/e 314 and 312, co r responding  again t o  t h e  i s o t o p i c a l l y  d i f f e r e n t  
molecu la r  ions .
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This  problem had been e nv i s ioned ;  th us  t h e  p r e c u r s o r  (138) fo r  
an a l t e r n a t e  r o u te  had been s y n th e s iz e d .  A b s t r a c t i o n  o f  an 
a-hydrogen  from a c e t o n i t r i l e  was r e a l i z e d  in  l i q u i d  ammonia by
means o f  sodium amide t o  g e n e ra te  th e  d e s i r e d  s o d i o a c e t o n i t r i l e  as
134 135dem onst ra ted  by subsequen t  a l k y l a t i o n  and b en z o y la t i o n .
Success fu l  roonoa lkylat ions  o f  primary n i t r i l e s  employed s t rong  
b a s e s ,  such as :  a l k a l i  metal  amides, d i a lk y l  amides, b / s ( t r i m e t h y l - 
s i l y l ) a m i d e s  o r  a lky l  (o r  a ry l )1 i th iu rn 1 t o  g ive  high c o n c e n t r a ­
t i o n s  o f  t h e  r e q u i s i t e  n i t r i l e  ca rba n ions ,  which were t r a p p e d  by 
r e a c t i o n  with  r e a c t i v e  primary  o r  secondary a lky l  h a l i d e s .
In t h e  hopes o f  u t i l i z i n g  an a c e t o n i t r i l e  a r y l a t i o n  in  th e  
u l t i m a t e  s y n t h e s i s  o f  M s - 2 - ( 6 - b r o m o p y r i d y l ) a c e t o n i t r i l e  (122) ,  
n-BuLi in n-hexane was used t o  g e n e ra te  l i t h i o a c e t o n i t r i l e  a t
-70*C. A m ix ture  o f  l i t h i o a c e t o n i t r i l e  w ith  2 ,6 -d ibromopyr id ine
gave (27%) 2 - ( 6 - b r o m o p y r i d y l ) a c e t o n i t r i l e  (138);  on ly  t r a c e s  o f  the
d e s i r e d  122 were observed .  The *H NMR spectrum o f  138 e x h i b i t e d  a
s i n g l e t  which i n t e g r a t e d  f o r  two p ro tons  a t  63.93 f o r  cyano- 
13methylene .  The C NMR spectrum showed seven s i g n a l s ,  and th e  MS 
d a t a  were dominated by th e  two expec ted  peaks a t  m/e 198 and 196 
f o r  th e  m olecu la r  ions .  When 138 was t r e a t e d  with  NaH in  DMF, the  
d e s i r e d  164 was no t  i s o l a t e d ,  138 was recovered  unchanged.
CH3CN — -B- ^ V  CL i  CH2CN3
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Sodium and l i t h iu m  hyd r ides  r e a c t  s lowly  with  a c t i v e  methylene
compounds bea r ing  only one e lec t ro n -w i th d ra w in g  group;  thus
a p p l i c a t i o n  was l i m i t e d  t o  th e  a l k y l a t i o n  o f  a r y l a c e t o n i t r i l e s .
However, s in c e  i t  was e a s i e r  t o  handle th e s e  hydr ide  r e a g e n t s ,
r e l a t i v e  t o  sodium amide,  an excess  o f  hydr ides  could be used to
136o f f s e t  t h e  dimin ished  y i e l d s  o f  a l k y l a t e d  p ro d u c t s .  I t  i s  a
genera l  r u l e  t h a t  a p p l i c a t i o n  o f  LiH (NaH) t o  the  a l k y l a t i o n  o f
103a l i p h a t i c  a c e t o n i t r i l e s  l e ad s  t o  e x t e n s i v e  po ly m er iza t io n  under 
t h e  usual  he terogeneous  c o n d i t i o n s .
In c o n t r a s t  t o  a lky l  l i t h i u m s ,  a b s t r a c t i o n  o f  a hydrogen from 
a c e t o n i t r i l e  by LiH (NaH) in  DMF a t  25*C was not  d e t e c t e d .  At 
t e m p e ra tu re s  g r e a t e r  than  100*C, DMF with  metal  hyd r ides  l i b e r a t e d  
dimethyl  amide, which a t t a c k e d  2 ,6 -d ib rom opyr id ine  t o  g ive  
/V , /V-dimethyl -aminopyr id ines  136 and 137, as  well  as  t r a c e s  o f  122. 
The *H NMR spectrum o f  136 e x h i b i t e d  a s i n g l e t  a t  63 .05 f o r  th e  two 
methyl g roups ,  two d o u b le t s  a t  66.35 and 6 .55  f o r  3- and 5-pyW, 
r e s p e c t i v e l y ,  and a t r i p l e t  a t  67.23 f o r  4-py//.  The MS d a t a  showed 
two peaks a t  m/e 202 and 200 f o r  th e  m olecu la r  i o n s .  D i s u b s t i t u t e d  
137 was confirmed (*H NMR) by th e  s i n g l e t  a t  63.02 f o r  fou r  methyl 
g roups ,  a d o u b le t  appeared  a t  65.80 f o r  3- and 5-py//,  and a t r i p l e t  
a t  67.27 i n d i c a t i v e  o f  t h e  4-pyW.
The use o f  5% TMEDA/benzene s o lv e n t  system p reven ted  t h i s  s ide  
r e a c t i o n  and a l s o  s t a b i l i z e d  l i t h i o a c t o n i t r i l e .  Another advantage
i
o f  t h i s  c o - s o lv e n t  system i s  t h e  easy  c o n t ro l  o f  t e m pera tu re  a t
80*C. 2 ,6 -D ibromopyr id ine  with  LiH and a c e t o n i t r i l e  in  5% TMEDA/
benzene was r e f lu x e d  f o r  two days t o  g iv e  (47%) th e  d e s i r e d  122,
which was i d e n t i f i e d  by i t s  c h a r a c t e r i s t i c  *H NMR spectrum
c o n s i s t i n g  o f  a complex a rom at ic  reg io n  as well  as  t h e  broad
13s i n g l e t  a t  616.0  f o r  th e  b r idg ing  hydrogen atom. The C NMR
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spect rum o f  122 appeared  as t y p i c a l  seven s i g n a l s  inc lud ing  the  
methine carbon a t  £64 .5 .  The IR spectrum showed a con juga ted  
n i t r i l e  a b s o rp t io n  a t  2200 cm"1 . The MS d a t a  were dominated by 
t h r e e  peaks a t  m/e 355, 353,  and 351 in  a 1 :2 :1  r a t i o  which 
co r responds  t o  th e  i s o t o p i c a l l y  d i f f e r e n t  m o lecu la r  i o n s .
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137S i m i l a r l y ,  t h e  r e a c t i o n  between a c e t o n i t r i l e  and 2-methoxy- 
methy l-6 -bromopyr id ine  with  LiH in 5% TMEDA/ benzene gave b i s - 2- (6 -  
methoxymethy lpyr idy l) a c e t o n i t r i l e  (165) ,  as  ye l low  n e e d l e s .  The ^  
NMR spectrum o f  165 showed a c h a r a c t e r i s t i c  broad s i n g l e t  a t  £16.4 
i n d i c a t i v e  o f  th e  N-H**N i n t e r a c t i o n  and two s i n g l e t s  a t  £3.49 and 
4 .52  f o r  OCtfj and pyC/^-O, r e s p e c t i v e l y ;  in  t h e  a rom at ic  re g io n ,  a 
t r i p l e t  o f  d o u b le t  a t  £6.60 f o r  5-pytf, a d o u b le t  a t  £7.34 f o r
3-pyW, and a t r i p l e t  a t  £7 .56 f o r  4-pyW. The MS d a t a  were
CN
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dominated by th e  p a re n t  peaks a t  m/e 284 and 283. Spec t roscop ic
ev idence  agreed with  ta u to m er ic  e q u i l i b r i u m  in s o l u t i o n  via  N-H
forming a b i f u r c a t e d  hydrogen bond.
137The c r y s t a l  s t r u c t u r e  o f  165 (F igure  10) confi rms  a f ix ed
tau tom er  in t h e  s o l i d  s t a t e ;  on ly  one o f  th e  p y r idy l  u n i t s  i s
p r o to n a t e d .  The H-H [bond l e n g th  0 .931 (12 )A] forms a b i f u r c a t e d
hydrogen bond with  H(N1)-N3 1.876(12)A and H(N1)-01 2.219(11)A.
The major f e a t u r e s  o f  t h i s  s o l i d  s t a t e  conformation a r e  d e s c r ib e d
by s e v e ra l  key t o r s i o n  ang les  (Table A3). Tors ion  ang les
01-C2-C3-N1 and N3-C14-C15-02 a r e  6 .7  and 175.7*,  r e s p e c t i v e l y ,
because  o f  H-bonding H(N1)-01 and non-hydrogen bonding H(Nl)-02.
An average  t o r s i o n  angle  o f  N1-C7-C8-C9 and N3-C10-C8-C9 i s  179.1*
i n d i c a t i n g  t h a t  th e  d ip y r id y lm e th in e  u n i t  i s  n e a r l y  p l a n a r .  The N1
p y r i d i n e  forms d ih e d ra l  ang les  o f  4 .9  and 1.6* with  N2 p y r id i n e  and
t h e  b e s t - p l a n e  o f  n i t r i l e ,  r e s p e c t i v e l y ,  which form d ih e d ra l  angle
o f  3.4* with  each o t h e r .  Bond ang les  o f  C7-C8-C9, C7-C8-C10, and
C9-C8-C10 a re  1 16 .8 (1 ) ,  1 2 5 .9 (1 ) ,  and 117 .2 (1 )* ,  r e s p e c t i v e l y .
Bond l e n g th s  o f  C7-C8 [ 1 .4 1 0 ( 1 )A, methine t o  a p ro to n a t ed  p y r id in e ]
a r e  s h o r t e r  than  C8-C10 [1 .4 5 2 (1 )A, methine t o  an unprotonated
r i n g ] ;  however, both bond le n g th s  a r e  longe r  than  double bonds
(1 .3 2 A )^ ® ,  but  s h o r t e r  than  s i n g l e  bonds [C2-C3 and C14-C15 a re
1 .498(2)  and 1 . 496(1)A, r e s p e c t i v e l y ] .  The in t e r m e d i a t e  bond
l e n g t h s  observed c o r r e l a t e  with  th e  chemical s h i f t  o f  t h e  methine
ca rb o n s ,  which appears  a t  670-6 in s t e a d  o f  f a l l i n g  w i th in  the
139double  bond reg ion  (6100-145).  A p ro tona ted  p y r id i n e  r i n g  i s  
more d i s t o r t e d  than  th e  unpro tona ted  c o u n t e r p a r t ;  C3-C4 [1 .3 5 7 (1 )A]
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Figure  10. ORTEP o f  165.
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and C5-C6 [ 1 . 350(1)A] a r e  s h o r t e r  than the  corresponding  C13-C14 
[ 1 .3 8 2 (1 )A] and C11-C12 [1 .370(1)A ] .  However, C4-C5 [1.400(2)A] 
and C6-C7 [ 1 . 418(1)A] a re  longe r  than C12-C13 [ 1 . 385(1)A] and 
C10-C11 [1 .4 0 1 (1 )A] , r e s p e c t i v e l y .  These bond le ng th  da ta  
c o r r o b o r a t e  th e  f a c t  t h a t  the  t h r e e  s h o r t e r  bond le n g th s  (C3-C4, 
C5-C6, and C7-C8) have more double bond c h a r a c t e r  than  C4-C5,
C6-C7, and C8-C10: C7-C8 and C8-C10 are  1.410(1) and 1.452(1)A, 
r e s p e c t i v e l y .  Bond d i s t a n c e s  and bond angles  a re  compiled in Table 
A1 and the  nonhydrogen atom c o o rd in a te s  a re  l i s t e d  in Table A2.
Using th e s e  X-ray d a t a ,  we can p r e d i c t  t h a t  158a and 158b w il l  
be too  s t a b i l i z e d  by // -bonding to  r e a c t  with  2 -c h lo ro q u in o l in e ;  
however, the  a l t e r n a t e  hydrogen bonding o p t ions  with  amido NHg in
158a, x -  O - t - B u  
158b, x -  o - E t
159b 159a 159c
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i n t e r m e d i a t e  159a-c i n c re a s e  th e  e l e c t r o n  d e n s i t y  on th e  methine
carbon s u f f i c i e n t l y  t o  f a c i l i t a t e  a t t a c k  on 2 - c h l o r o q u i n o l i n e ,
which le ad  t o  t h e  fo rmat ion  o f  160.
C h a r a c t e r i s t i c  f e a t u r e s  o f  th e s e  meso-cyanides ( q u in o l y l -
methanes) a r e  i l l u s t r a t e d  a t  Table 2.  T he i r  IR s p e c t r a  d i s p l a y  a
con juga ted  n i t r i l e  a b s o rp t io n  in th e  genera l  range  o f  2160-2200
cm’ *. D i r e c t  s p e c t r o s c o p i c  ev idence  f o r  a N-H*»N bond i s  confirmed
(*H NMR) by a broad s i n g l e t  a t  615.7±0.8  (CDClj) . The 13C NMR
2
s p e c t r a  o f  th e s e  m e th ine -b r idge  sp -carbon atoms d i s p l a y  s i g n a l s  in 
Table 2. C h a r a c t e r i s t i c  Physica l  Data f o r  Heso-cyan ides
compd IR(cm- 1 ) 
f o r  CsN
*H NMR 
(NH)
13C NMR 
r c ( s P2 )i
M.P.
C O
95ioo 2180 >400(dec)
122 2200 16.0 64.5 163-164
124 2162 16.5 69.0 268-269
127 2190 15.0 70.4 390(dec)
128 2190 16.3 67.5 129-130
------ 1 6 . I 113 ------ 129
129 2185 15.1 68.4 157-158
134 2180 15.8 75.5 246-248
135 2190 15.6 ------ 255-257
160 2200132 ------ 284
2170140 ------ ------ 281-283
165137 m .  .  . 16.4 .  .  .  . . . .
t h e  reg ion  o f  £70±6; bond angles  around the  b r idges  a re  ca.  120°, 
however, th e  average bond le n g th s  (ca .  1.43A) lo nge r  than  those  f o r  
normal sp bonds. T y p i c a l l y ,  high me l t ing  p o in t s  a re  observed 
compared t o  s t r u c t u r a l  c o u n t e r p a r t s .  The low s o l u b i l i t y  o f  meso- 
cyan ides  in  common o rg an ic  s o lv e n t s  makes p u r i f i c a t i o n  and 
c h a r a c t e r i z a t i o n  d i f f i c u l t  bu t  i s  c o n s i s t e n t  with  th e  p r o p e r t i e s  
expec ted  f o r  th e  dominant h igh ly  p o la r i z e d  s t r u c t u r e s .
V I I -3 .  C y c l i z a t io n  t o  Form [ l 3 ] (2 ,6 )P y r id in o p h an es
In analogues  o f  p o rphy r in s ,  t r i o n e  115 i s  th e  s im p le s t  member
o f  C-br idged ,  e l e c t r o n - d e f i c i e n t  s e r i e s  and th us  should be the
id e a l  s t r u c t u r e  t o  probe the  e l e c t r o n i c  and /o r  s t e r i c  e f f e c t s  o f
th e  d i r e c t e d  Af-electrons w i th in  a h igh ly  r i g i d  c a v i t y ,  as well  as
being i d e a l l y  s u i t e d  to  be the  p e r f e c t  proton sponge.  P rev ious ,  a
lo w -y ie ld  r o u te  t o  115 via  a low -tempera ture  (-100*C),  n u c l e o p h i l i c  
118s u b s t i t u t i o n  prov ided  very  l i m i t e d  samples f o r  c h a r a c t e r i z a t i o n .  
The i n a b i l i t y  t o  c y c l i z e  th e  i n t e rm e d ia te s  was a t t r i b u t e d  to  
un fav o rab le  conformationa l  o r i e n t a t i o n s  a t  th e s e  r e a c t i o n  
t e m p e ra tu r e s .
In o rd e r  t o  f a c i l i t a t e  cyc locondensa t ion ,  t h e  r e a c t i o n  o f  123
w i th  l i t h i o a c e t o n i t r i l e ,  gene ra ted  from anhydrous a c e t o n i t r i l e  in
5% TMEDA/benzene with  LiH, was conducted a t  80*C. This mode o f
cyc locondensa t ion  was s uccess fu l  owing t o  th e  e l e v a t e d  r e a c t i o n
te m pera tu re s  and metal ion te m p la t io n ,  which a r e  both f a v o ra b l e  to  
141produc t  fo rm a t ion .  Thus, r e f l u x i n g  th e  mix tu re  f o r  2 days under
an i n e r t  atmosphere produced,  a f t e r  h y d r o ly s i s ,  a ye l low,  
c r y s t a l l i n e  macrocycle 124, which c o n ta in s  both ke ta l  and n i t r i l e  
f u n c t i o n a l i t i e s .  The f a c i l e  m a c ro cy c l i za t io n  probably  r e s u l t e d  
from th e  a b i l i t y  o f  t h e  Af-electrons to  c o o rd in a te  l i t h i u m ,  thus  
forming an i n t e r m e d i a t e  complex t o  ensure  th e  p roper  j u x t a p o s i t i o n  
o f  t h e  t e r m i n i .
CHaCN/L 1H 
Br TMEDA/Bz
°vJ
CN
123
124
The *H NMR spectrum o f  124 showed a broad s i n g l e t  a t  616.5 
i n d i c a t i v e  o f  a N-//**N. A complex p a t t e r n  was c e n t e red  a t  64.26 
f o r  t h e  k e t a l  hydrogens;  t h i s  was probably  due t o  t h e i r  non­
equ iv a len c e  su g g e s t iv e  o f  a nonmobile conformation w i th in  the  
framework.  A complica ted  p a t t e r n  was a l s o  shown a t  66 .96 -7 .86  f o r
t h e  remaining py r idy l  hydrogens s in c e  a l l  t h e  p o s i t i o n s  were unique
13(no symmetry m i r r o r  p l a n e s ) .  The C NMR spectrum o f  124 confirmed 
t h e  symmetrical c y c l i c  s t r u c t u r e ,  in which only  e i g h t  p y r id i n e  
carbons  appeared  in  th e  aromatic  r e g io n .  The methylene (6 6 5 .9 ) ,  
methine (669.0 )  ( see  Chap. V I I -2 ) ,  ke ta l  (6104 .9 ) ,  and n i t r i l e  
(6122 .6)  carbons  a l l  appeared in t h e  p r e d i c t e d  l o c a t i o n s .  Other 
c h a r a c t e r i s t i c  f e a t u r e s  o f  124 were t h e  h igh m e l t i n g  p o i n t
133
(268-269‘ C) r e l a t i v e  t o  t r i o n e  115 (2 3 6 .0 -2 3 6 .5*C) and th e  sp ike  a t  
2162cm"1 in  IR spec trum f o r  th e  con juga ted  n i t r i l e .
I t  was e s s e n t i a l  t h a t  t h e  s t r u c t u r e  o f  t h i s  p iv a to l  i n t e r ­
media te  be e s t a b l i s h e d ;  F igure  11 i l l u s t r a t e s  th e  c r y s t a l  s t r u c t u r e  
o f  124. The f ix e d  ta u to m e r i c  form in  t h e  s o l i d  s t a t e ,  t h e  
b i f u r c a t e d  H-bond, th e  key bond l e n g th s  [0.86A f o r  H-Nl (d 1) ,  2.16A 
f o r  H(N1)-N2 (d2 ) ,  and 1.96A f o r  H(N1)-N3 (d3 ) (Table A4)] conf irm 
t h e  c y c l i c  s t r u c t u r e .  H a l f  o f  th e  hydrogens were observed  as Nl-H 
bond, and th e  remaining hydrogens formed N3-H bond with  an 
e q u i v a l e n t  bond l e n g th .  This  o b se rv a t io n  can be a t t r i b u t e d  to  
e i t h e r  a s t a t i s t i c a l  d i s t r i b u t i o n  o f  NH tau tomers  in  th e  c r y s t a l  or
t o  r a p id  i n t e r c o n v e r s io n  o f  the  tau tomers  dur ing  th e  t ime r e q u i r e d  
72f o r  measurement. Bond le n g th s  o f  C1-C18 and C17-C18 a r e  both 
1 .4 3 1 (2)A and the  d ip y r id y lm e th in e  moiety i s  n e a r l y  p l a n a r  with  
maximum d e v i a t i o n  from p l a n a r i t y  o f  0.118(2)A ( f o r  N l ) .  The 
c e n t r a l  p y r id i n e  formed a d ih e d ra l  ang le  o f  70.9* with  t h i s  p lane ;  
whereas ,  N2 i s  n e a r l y  c o p lan a r  [ d e v ia t i o n  0.066(2)A]  with  th e  
d ip y r i d y lm e th in e ,  and th e  N1-N2 and N2-N3 bond d i s t a n c e s  a r e  
2 .807(2 )  and 2 .6 4 3 (2 )A, r e s p e c t i v e l y .  The two d ioxo lane  r i n g s  a re  
nonplanar  and a l l  o f  the  atoms a r e  tw i s t e d  t o  th e  opposite  s i d e  o f  
t h e  N2 p y r id i n e .
Macrocycle 124 was t h e  idea l  p r e c u r s o r  t o  th e  d e s i r e d  carbonyl 
b r idged  macrocycle 115. The c o n d i t i o n s  n ece ss a ry  t o  conver t  both 
k e t a l  and n i t r i l e  f u n c t i o n a l i t i e s  t o  ke to n ic  m o ie t i e s  were t e s t e d  
w i th  th e  model 122. The n i t r i l e  group o f  122 was removed under 
a c i d i c  c o n d i t i o n s  t o  a f f o r d  (81%) 139, as  c o l o r l e s s  n e e d le s .  The
Figure 11. ORTEP OF 124.
p ro cess  was moni tored by th e  appearance (*H NMR) o f  a sp ike  a t  
64.27 f o r  th e  f r e e  methylene conf irming i t s  s e l e c t i v e  g e n e r a t i o n .
A p o s s i b l e  cyanomethylene t r a n s f o r m a t io n  can be env is ioned  to  
proceed th rough in t e r m e d i a t e  166 from tau tomer  122a. Decarboxyla­
t i o n ,  which i s  known to  proceed by a s i x - c e n t e r e d  t r a n s i t i o n
142 143s t a t e ,  g e n e r a t e s  139a. Subsequent o x id a t io n  o f  th e  CHg to
d e s i r e d  ketone  in  139 was accomplished with  Se02 in g l a c i a l  a c e t i c
ac id  t o  g ive  (72%) the  known b / s -2 - (6 -b ro m o p y r id y l )k e to n e  
(140) 118 ,119 ,121c,g
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Macrocycle 124 was hydrolyzed  with  EtOH/concd HC1 ( 1 :1 ,  v/v)  
t o  g iv e  (80%) th e  u n s t a b l e  d ione  143, as  a w hi te  s o l i d .  The *H NMR 
spectrum o f  143 showed a complex a romatic  reg ion  as well  as  th e  
s i n g l e t  a t  64.37 f o r  methylene p ro to n s .  Th is  i n t e r p r e t a t i o n  was 
co r ro b o ra t e d  by th e  MS d a t a  which e x h i b i t e d  a p a r e n t  ion a t  m/e 301
(M+ , 100). Upon a t tempted  p u r i f i c a t i o n ,  i n t e rm e d i a t e  143 
decomposed by f a c i l e  s e l f - d i m e r i z a t i o n ;  d e t a i l s  o f  d im e r i z a t i o n  
p rocess  a r e  r e p o r t e d  in Chap. V II -5 .
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Crude 143 could be o x id ized  with  SeOg in  g l a c i a l  a c e t i c  ac id  
t o  a f f o r d  in high y i e l d  t h e  d e s i r e d  t r i o n e  115, as  p a l e  ye l low 
c r y s t a l s .  The symmetric s t r u c t u r e  o f  115 was i n i t i a l l y  confirmed 
by i t s  exceed ing ly  simple *H NMR spectrum; a do u b le t  o f  d o u b le t s  a t  
58.12 ( J j  g= 7.9Hz) f o r  4 -p y r id y l  hydrogen and a do u b le t  a t  
68.34  f o r  3 ,5 -p y r i d y l  hydrogens.  The simple ABg p a t t e r n  
unequ ivoca l ly  demonst ra ted  t h e  high degree  o f  m olecu la r  symmetry 
t h a t  would be expec ted f o r  such a c y c l i c  molecule .  F u r th e r
13ev idence  o f  t h e  g ro s s  s t r u c t u r a l  assignment was provided  by C NMR 
d a t a ,  which showed only f o u r  peaks a t  6126.7 (C3),  138.0 (C4),r
152.9 (C2),  and 188.1 (C*Q). The high m e l t ing  p o in t  (236 .0 -  
2 3 6 .5*C) and meager s o l u b i l i t y  in common o rg an ic  s o lv e n t s  were a l s o  
i n d i c a t i v e  o f  t h e  symmetric n a t u re  o f  115 as well  as  th e  e f f e c t  o f  
p y r id i n o  s u b u n i t s .  Very s i m i l a r  p r o p e r t i e s  a r e  e x h i b i t e d  by known 
c a l i x a r e n e s . 24 ,52 ,54 ,55
The mass spectrum o f  115 showed an a n t i c i p a t e d  molecu la r  ion 
a t  m/e 315. The carbonyl  group (IR) appeared a t  1667cm"1 and was 
q u i t e  d i s t i n c t  from b i s - 2-(6 -b rom opyr idy l )ke tone  (140 )121c,d 
(1690cm’ 1) .  This  n o ta b le  s h i f t  (ca .  23cm"1) f u r t h e r  s u ppor t s  the  
s yn-conformat ion  in 115; t h e  a n t i -conformation  o f  two py r idy l  
n i t r o g e n s  in 140 was, o f  c o u r s e s ,  no t  p o s s i b l e  f o r  macrocycle 115. 
Small crown e t h e r s ,  which p o sse ss  b » s ( 2 - p y r id y l ) k e t o n e  s u b u n i t ,  
a l s o  have th e  carbonyl a b s o rp t io n  in t h e  same range (1666- 
1682cm’ 1) . ^ 1 9  These s p e c t r a l  d a t a  suppor t  a s t r u c t u r e  with  a high 
degree  o f  m olecu la r  symmetry (C^) f o r  t r i o n e  115, a t  l e a s t  w i th in  
th e  NMR time s c a l e .  The c r y s t a l  s t r u c t u r e  was deemed e s s e n t i a l  to  
conf irm th e  s t r u c t u r e  and t o  f u r n i s h  some i n s i g h t  i n t o  th e  c r i t i c a l  
m olecu la r  deformation  caused by the  jux taposed  W-e lec t rons  w i th in  
th e  co re .
For t h e  X-ray s t r u c t u r a l  a n a l y s i s ,  t r i o n e  115 was r e c r y s t a l ­
l i z e d  from methanol .  I n i t i a l  re f inement  o f  t h e  X-ray d a t a  
sugges ted  t h a t  th e  c r y s t a l  d id  not possess  th e  d e s i r e d  symmetry f o r  
t h e  proposed t r i o n e  115. D e ta i l e d  a n a l y s i s  showed th e  c r y s t a l s  to  
be hemiketa l  167, which a ro se  from th e  unexpected,  bu t  y e t  easy ,  
convers ion  o f  115 t o  167, dur ing  r e c r y s t a l l i z a t i o n .  This  hemiketal  
was asymmetric as i l l u s t r a t e d  in F ig .  12. The m olecu la r  s t r u c t u r e  
o f  167 was shown t o  be s e v e re l y  d i s t o r t e d  from p l a n a r i t y  s in c e  the  
two n i t r o g e n s  (N1 and N2) t i p  o u t - o f - t h e - p l a n e  on one side o f  the 
molecule , and th e  o t h e r  n i t r o g e n  (N3) t i p s  in  t h e  o p p o s i te  
d i r e c t i o n .  Thus, th e  t h r e e  p y r id i n e s  s tag g e re d  between two 
carbonyl p l a n e s ;  however, hemiketal  fo rmat ion  occurs  a t  th e
Figure 12. ORTEP o f  167.
carbonyl  when two p y r id i n e  r i n g s  were syn d i sposed ,  fo r c in g  
r e p u l s i o n  between two N- lone  p a i r s .  Bond d i s t a n c e s  and ang les  of  
167 a r e  compiled in  Table A6; nonhydrogen atom c o o rd in a t e s  a re  
l i s t e d  in Table A7.
In o rd e r  t o  p reven t  h e m ik e t a l i z a t io n  o f  t r i o n e  115, EtOH was
d i f f u s e d  i n t o  CHClj s o l u t i o n  o f  115 a t  25*C. Slow ev a p o ra t io n  o f
EtOH/CHCl3 a f fo rd e d  c o lo r le s s , t r a n s p a r e n t  c r y s t a l s  o f  115. The
X-ray c r y s t a l  s t r u c t u r e  o f  115 (F ig .  13) shows a d i s t i n c t l y
nonplanar  conformation in th e  s o l i d  s t a t e ,  c o n t r a r y  t o  th e
co n c lu s io n s  d e r iv e d  from s o l u t i o n  s t u d i e s ,  from molecu la r  models ,
and from simple MO c a l c u l a t i o n s .  D i s t o r t i o n  from p l a n a r i t y  leads
t o  a conformation with  approxim ate ly  C$ symmetry, in which two
N - lone  p a i r s  (N2 and N3) a re  t i p p e d  o u t - o f - t h e - p l a n e  on one s i d e  of
th e  molecu le ,  and the  t h i r d  (Nl) i s  t i p p e d  in th e  opposite
d i r e c t i o n .  A loca l  m i r ro r  p lane b i s e c t s  both both Nl and o p pos i te
carbonyl  (C12-02).  The Nl p y r id in e  forms d ih e d ra l  ang les  o f  46.5°
and 41.4* with  th e  N2 and N3 r i n g s ,  r e s p e c t i v e l y ,  which form a
d ih e d ra l  angle o f  35.4* with  each o t h e r .  The h e t e ro a ro m a t ic  C~C
d i s t a n c e s  average  1.380(7)A, C-N d i s t a n c e s  average 1.335(4)A;
whereas t h e  0 0  d i s t a n c e s  average 1.218(2)A. Tr ione  115 c o n ta in s  
2
on ly  sp r i n g  atoms and should be e s s e n t i a l l y  f l a t  - b a r r in g  any 
d i r e c t  /V-electron i n t e r a c t i o n s .  In c o n c lu s io n ,  the observed 
deformation from p l a n a r i t y  must be predominately due to N-N-lone  
p a i r  repulsion w i th in  confines o f  the c a v i t y .
Figure  13. ORTEP o f  115.
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Another d e p r o t e c t i v e  r o u te  (124 t o  115) was des igned  in which
o x id a t i o n  o f  p r e c u r s o r  124 formed 120, which was subsequen t ly
d e k e t a l i z e d  under a c i d i c  c o n d i t i o n s .  The o x id a t io n  o f  124 with
144m -ch lo roperbenzo ic  ac id  a f fo rd e d  (68%) d i k e t a l  120 via  an 
i n i t i a l  f a c i l e  e p o x id a t io n  o f  th e  ex o cy c l ic  double  bond t o  a f f o r d  
i n t e r m e d i a t e  168, which underwent r a p id  exp lus ion  o f  CN’ to  
g e n e r a t e  d i k e t a l  120. The *H NMR spectrum o f  120 e x h i b i t e d  a 
s i n g l e t  a t  £4.24 f o r  th e  two ke ta l  methylenes as well  as  a complex 
a rom a t ic  r e g io n .  No ev idence  o f  conformationa l  changes in  the
H
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low - tem pera tu re  (220K) *H NMR spectrum o f  120 was observed even
through  t h e r e  must be c o n s id e r a b l e  f l e x i b i l i t y  o f  th e  p y r id in e
13r i n g s  as determined by X-ray a n a l y s i s  o f  115. Suppor t ive  C NMR 
spect rum showed e leven  s i g n a l s  and th e  MS d a t a  e x h i b i t e d  f ragments  
a t  m/e 404 (M++ l ,  20) and 403 (M+, 83) f o r  t h e  p a r e n t  ion .
X-ray d i f f r a c t i o n  d a t a  o f  120 r e v e a le d  t h e  p resence  o f  two 
independent  conformers (F igure  14 and 15) .  In both c a s e s ,  th e  
t h r e e  p y r id i n e  r i n g s  d e v i a t e d  more from c o p l a n a r i t y  than  those  o f  
t r i o n e  115 a t  l e a s t  in t h e  s o l i d  s t a t e .  The Nl (N T )  p y r id i n e  
formed d ih e d ra l  ang les  o f  125.6* (92 .5*)  and 50.2* (45.8* ) with  
t h e  N2 (N2')  and N3 (N3')  r i n g s ,  r e s p e c t i v e l y ,  which form a 
d ih e d ra l  ang le o f  104.8* (126.6*) w ith  each o t h e r .  The major 
f e a t u r e s  o f  i t s  s o l i d  s t a t e  conformat ion  a r e  d e s c r ib e d  by severa l  
key t o r s i o n  ang les  f o r  a given isomer.  Tors ion  ang les  C18-C1-C2-N1 
[ 4 3 . 7 ( 4 ) * ] ,  N1-C6-C7-C8 [ - 5 1 . 6 ( 4 ) * ] ,  N2-C12-C13-C14 [ 6 2 . 3 ( 3 ) * ] ,  and 
C12-C13-C14-N3 [ - 6 5 .4 ( 3 ) * ]  f o r  Conformer 1 i n d i c a t e  t h a t  a l l  o f  the  
t h r e e  N- lone  p a i r s  a r e  not d i r e c t e d  t o  th e  c a v i t y  (Table A14); two 
n i t r o g e n s  (N2 and N3) a re  t i p p e d  o u t - o f - t h e - p l a n e  on one s id e  o f  
t h e  molecule ,  and th e  o t h e r  n i t ro g e n  i s  t i p p e d  in  t h e  o p p o s i t e  
d i r e c t i o n .
D ike ta l  120 was d e p r o t e c t e d  with  co n c e n t ra te d  HC1 t o  g ive  
(60%) t r i o n e  115. This  approach s i m p l i f i e d  th e  i s o l a t i o n  
p rocedu re ,  s in c e  i t  was n o t  n ece s s a ry  t o  remove Se* and HOAc 
a s s o c i a t e d  with  th e  SeOg o x id a t io n  in  t h e  f i r s t  p rocedure .
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Figure 14. ORTEP of 120 (Conformer 1).
Figure 15. ORTEP o f  120 (Conformer 2)
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V II -4 .  M od i f ic a t io n  o f  Tr ione  115
P re l im in a ry  s t u d i e s  were under taken  on the  a l t e r a t i o n  o f  a
carbonyl  moiety  in  o rd e r  t o  e s t a b l i s h  th e  necessa ry  ground-work fo r
c o n t r o l l e d  /V-electron d e n s i t y  w i th in  the  macrocycli c  c o re .  These
p r e l i m i n a r y  s t u d i e s ,  i l l u s t r a t e d  below, were l i m i t e d  t o  the
chemical m o d i f i c a t io n  o f  th e  carbonyl g roup(s )  by "exchange" f o r  an
e x o c y c l i c  methylene group.  This  m o d i f i c a t io n  was deemed t o  be
im por tan t  s in c e  i t  would d r a s t i c a l l y  enhance th e  /V-electron d e n s i t y
w i th in  th e  c a v i t y .  Since the  /V-electron d e n s i t y  and thus  o r b i t a l
s i z e  a re  determined by th e  degree  o f  e l ec t ro n -w i th d ra w a l  from the
h e t e ro a ro m a t ic  r i n g ,  removal o f  th e  carbonyl f u n c t i o n a l i t y  should
make a s i g n i f i c a n t  impact upon th e  e l e c t r o n  d e n s i t y .  The carbonyl
group i s  a c l a s s i c  example o f  an e lec t ro n -w i th d ra w in g  s u b s t i t u e n t ;
thus  i t s  t r a n s fo rm a t io n  t o  an alkene moiety would minimize the
p o s i t i v e  charge on th e  b r idg ing  carbon and in c re a s e  th e  c a v i t y ' s
/V-electron d e n s i t y  while  s t i l l  r e t a i n i n g  th e  s t r u c t u r a l  i n t e g r i t y .
T r a d i t i o n a l l y ,  the  W i t t ig  r e a g e n t ,  d e r iv e d  from methyl ( o r  a l k y l ) -
127tr iphenylphosphonium bromide,  could  e f f e c t  t h i s  t r a n s f o r m a t io n .
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The model s u b s t r a t e  s e l e c t e d  to  e v a l u a t e  known W i t t ig
procedures  was b / s ( 2 - p y r i d y l J k e t o n e  (145) .  P re p a ra t io n  o f  1 , 1 - d i -
( 2 - p y r i d y l ) e t h e n e  (146) was at tempted  by t h r e e  r o u t e s .  In Method
A, n-BuLi in e t h e r  was used t o  a b s t r a c t  th e  a c i d i c  hydrogen of
methylt r iphenylphosphoniurn bromide: b a s i c a l l y  th e  mix tu re  was
s t i r r e d  a t  -70*C f o r  30 minu tes ,  then  145 was added.  A f te r
work-up,  t h e  d e s i r e d  146 was i s o l a t e d  (10%) along with
p redom ina te ly  unchanged s t a r t i n g  ke tone.  In Method B sodium
128m e thy lsu lph iny l  ca rban ion  was s u b s t i t u t e d  f o r  th e  buty l  1i th ium;
th e  y i e l d s  were again  meager (10-17%), and major d i f f i c u l t y  was
encountered  with  i s o l a t i o n  o f  pure 146. The s t r u c t u r a l  assignment
o f  146 was made on the  s t r e n g t h  o f  the  c h a r a c t e r i s t i c  *H NMR s igna l
f o r  th e  1 , 1 - d i s u b s t i t u t e d  o l e f i n ,  in which th e  s igna l  was 
126observed as a s i n g l e t  a t  66 .05.
0
145
147
In l i g h t  o f  t h e  low y i e l d s ,  an a l t e r n a t e  r o u t e  t o  146 was
exp lo red  (Method C),  in which alcohol  147 would be dehydra ted .
129Since  p r e c u r s o r  l , l - d i ( 2 - p y r i d y l ) e t h a n o l  (147) was known and
127r e a d i l y  a v a i l a b l e ,  i t s  d ehyd ra t ion  in  r e f l u x i n g  80% H^PO^ was
a t t e m p te d .  A f t e r  work-up,  on ly  unchanged 147 was i s o l a t e d  (>70%)
along  with  u n i d e n t i f i e d  i n t r a c t a b l e  r e s i n s .
In c o n ju n c t io n  with  t h e  s y n th e s i s  o f  ex o c y c l i c  methylene
145groups ,  numerous r o u t e s  have been a t tem pted .  C l a s s i c a l l y ,
condensa t ion  o f  aldehydes  or  ketones  with  a c t i v e  methylene
146compounds in  t h e  p resence  o f  amines,  known as t h e  Knoevenagel 
147c o n d en s a t io n ,  has been used.  Thus, M s ( 2 - p y r i d y l ) k e t o n e  (145) 
w i th  d i e t h y l  malonate (R ■ COgEt) or  m a l o n o n i t r i l e  (R = CsN) should 
a f f o r d  t e t r a s u b s t i t u t e d  e th y le n e s  170. An equimolar  m ix ture  o f  145 
and d i e t h y l  malonate (o r  m a l o n o n i t r i l e )  in dry  benzene with  
ammonium a c e t a t e  in  g l a c i a l  a c e t i c  a c i d ,  as  a c a t a l y s t ,  was 
r e f l u x e d ,  and w a te r  was removed from th e  azeo t rope  us ing  a 
Dean-Stark  s e p a r a t o r .  A f t e r  ca.  t h r e e  days ,  th e  mix tu re  was cooled 
and worked-up by genera l  p rocedures .  Only an i l l - d e f i n e d ,  
i n t r a c t a b l e  r e s i n  was i s o l a t e d ;  no e t h y l e n i c  p roduc ts  were 
i s o l a t e d .
145 R -  COzE t..  CN
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Reduction o f  115 was des igned  t o  a f f o r d  1 ,5 :7 ,1 1 : 1 3 ,1 7 -  
t r i e p im in o [1 8 ]a n n u le n e  (171) ,  whose g ro ss  s t r u c t u r e  po s se s s e s  a 
p e r i p h e r a l  CJfl-conjugated system. This annulene should be almost
148
s t r a i n l e s s  al though  th e  t h r e e  n i t r o g e n  hydrogens w i l l  most 
a s s u r e d ly  be d i s p l a c e d  above and below th e  molecu la r  p la n e .  This 
CJ8-annulene should a l s o  possess  benzenoid c h a r a c t e r ,  based on the
HQckel 4n+2 r u l e , 148 .i f  t h e  d e v i a t i o n  from p l a n a r i t y  i s  s l i g h t .
R -  H.  OH
When 115 was t r e a t e d  with  BHg, e i t h e r  a t  -70*C f o r  two hours 
then  a warm-up p e r io d ,  o r  a t  -70*C f o r  t h r e e  days ,  th e  r e s u l t s  were 
e s s e n t i a l l y  i d e n t i c a l .  In a d d i t i o n  t o  unchanged 115, unknown 
polymers were produced.
In t h e  hopes o f  g e n e ra t in g  th e  model N-ox ide  172 which could 
i m i t a t e  hemoglobin a c t io n  as oxygen c a r r i e r  (115*0^) a n d /o r  s i n g l e t  
oxygen g e n e r a t o r ,  t r i o n e  115 was t r e a t e d  with  m-ch loroperbenzo ic  
ac id  in  CHCl-j and r e f l u x e d .  A f t e r  work-up, only  unchanged 115 was
115 172
i d e n t i f i e d  by *H NMR; however, t h e  MS d a t a  e x h i b i t e d  a low 
i n t e n s i t y  peak a t  m/e 331, a t t r i b u t a b l e  t o  172. When 115 was 
r e a c t e d  with  HgOg in  g l a c i a l  a c e t i c  ac id ,  unchanged 115 was a l so  
i s o l a t e d  along with  u n i d e n t i f i e d  h e t e r o a r o m a t i c s ,  which were
149a s s ig n e d  as l i n e a r  m a t e r i a l s  via  t h e  B a e y e r - V i l l i g e r  o x i d a t i o n .
The e l e c t r o n i c  r e p u l s i o n  and /o r  r i n g  s t r a i n  w i th in  th e  c a v i t y  
o f  t r i o n e  115 was th e  r a t i o n a l e  o f f e r e d  f o r  t h e  f a c i l e  format ion  of  
hemiketa l  167. This  h e m ik e t a l i z a t io n  was a l s o  observed  when t r i o n e  
115 was complexed with  C u ( I I )  in EtOH/CHClj (CHAP V I I -7 ) .  D ike ta l  
120 has two p r o t e c t e d  b r idges  and one f r e e  carbonyl group,  which 
l e a d s  t o  l e s s  r in g  s t r a i n ,  based on CPK models.  Thus, t r i k e t a l  144 
should  have th e  l e a s t  r i n g  s t r a i n  in t h i s  s e r i e s .  The c u r r e n t  
a v a i l a b i l i t y  o f  120 made th e  p r e p a r a t io n  o f  144, a s t r a i g h t f o r w a r d  
m a t t e r .  Upon k e t a l i z a t i o n  o f  120 under a c i d i c  c o n d i t i o n s ,  the  
t r i k e t a l  144 was i s o l a t e d  (>40%) and shown t o  be ex t remely  
i n s o l u b l e  in most common o rgan ic  s o lv e n t s  ( e . g .  CHCl^, DMSO, MeOH, 
and EtOH). The *H NMR spectrum o f  144 showed a s i n g l e t  a t  64.27 
f o r  t h e  methylenes and a com p l ica ted  p a t t e r n  between 6 7 . 7 1 - 7 . 9 3 ,  
which i n t e g r a t e d  t o  n in e  hydrogens .  Th is  i n t e r p r e t a t i o n  was 
c o r r o b o r a t e d  by th e  MS d a t a ,  which e x h i b i t e d  peaks a t  m/e 448 
(M++ l ,  10) and 447 (M+, 39) f o r  t h e  d e s i r e d  molecu la r  ion .
P a r t i a l  d e k e t a l i z a t i o n  o f  120 with  a l c o h o l i c  HC1 gave (54%) 
t h e  monoketal 119, as  c o l o r l e s s  n e e d le s .  The NMR spectrum o f  
119 e x h i b i t e d  a s i n g l e t  a t  64.30 f o r  th e  methylenes and m u l t i p l e t  
a t  6 7 .8 4 -7 .9 8  f o r  t h e  A and C p y r i d i n e s .  A t r i p l e t  a t  68.04 and a 
d o u b le t  a t  68 .28 f o r  t h e  p y r id i n e  r in g  f lanked  by th e  carbonyl
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groups a re  n e a r l y  i d e n t i c a l  t o  the  p a t t e r n  f o r  115, as  would be 
expec ted .  F igure  16 i l l u s t r a t e s  the  c r y s t a l  s t r u c t u r e  o f  119, 
which i s  very  s i m i l a r  t o  t h a t  o f  hemiketal 167. The N3 p y r id i n e  
forms d ih e d e ra l  ang les  o f  40.0* and 42.2* with  th e  Nl and N2 
r i n g s ,  r e s p e c t i v e l y ,  which form a d ih e d ra l  ang le  o f  78.2* with  each 
o t h e r  i n d i c a t i v e  o f  Nl r i n g  t i p p i n g  o u t - o f - t h e - p l a n e  on one s id e  o f  
t h e  molecule ,  and th e  o t h e r  p y r id i n e  r i n g s  (N2 and N3) t i p  in th e  
o p p o s i t e  d i r e c t i o n .  Average t o r s i o n  ang les  o f  two 0 0  t o  p y r id in e  
p lane  a r e  26 .2* ,  but  N2-C11-C12-C13 and C11-C12-C13-N3 a r e  7 0 . 3 ( 4 ) ’ 
and - 6 3 .6 ( 5 ) * ,  r e s p e c t i v e l y  (Table A17). The p y r id i n e  r i n g s  (N2 
and N3) a r e  tu rn ed  with  r e s p e c t  t o ' t h e  d ioxo lane  r in g  such t h a t
Figure 16. ORTEP o f  119
t h e  n i t r o g e n  atoms a re  e s s e n t i a l l y  an t i  t o  oxygen 03; the  d ihe d ra l  
ang le  o f  p y r i d i n e  r i n g s  between d ioxo lane  i s  101.8*.  This 
confo rm at iona l  s t r u c t u r e  o f  119 i s  a l s o  s i m i l a r  t o  t h a t  o f  d i k e t a l  
120, in  which th e  two p y r id i n e s  about carbonyl a r e  t w i s t e d .
VI1-5 .  S e l f - d i m e r i z a t i o n  o f  143 and Dehydrogenation o f  i t s  Dimer 
(150)
One o f  t h e  most i n t e r e s t i n g  f e a t u r e s  o f  143, which c o n ta in s  
one methylene and two carbonyl b r id g e s ,  was th e  high r e a c t i v i t y  of  
methylene hydrogens towards o x id a t io n .  When 124 was d e p ro te c te d  
w i th  EtOH/HCl under an i n e r t  atmosphere (Chap. VII - 3 ) ,  crude 143 
was i s o l a t e d  (81%) as a w hi te  s o l i d .  The *H NMR spectrum o f  143 
e x h i b i t e d  a s i n g l e t  a t  64.37 f o r  methylene p ro tons  as well  as  a 
complex aromatic  re g io n .  This  i n t e r p r e t a t i o n  was co r ro b o ra t e d  by 
t h e  MS d a t a ,  which showed a p a re n t  ion a t  m/e 301 (M+, 100).  When 
143 was p u r i f i e d  by column chromatography on s i l i c a  g e l ,  a dimer 
150 (31% from 124) was o b ta in e d ,  as  c o l o r l e s s  n e e d l e s .  Th is  easy  
d im e r i z a t i o n  was unexpected but  sugges ts  t h a t  th e  me thy len ic  
hydrogens a r e  e a s i l y  l o s t  as  hydrogen atoms under a e ro b ic  
c o n d i t i o n s .
The NMR spectrum o f  150 suppor ted t h e  symmetric s t r u c t u r e .  
(F ig .  17) The e q u i v a l e n t  e thane  hydrogens appear  as a s i n g l e t  a t  
65.66  i n d i c a t i v e  o f  C-C bond format ion  and m o lecu la r  symmetry. The 
a rom a t ic  r e g io n ,  al though com pl ica ted ,  showed th e  3-pyH resonance  
a t  67 .02 (dd,  J - 7 . 5 ,  1.1Hz),  which was s h i f t e d  u p - f i e l d  r e l a t i v e  to
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Figure 17. *H NMR s p e c t r a  o f  115, 150, and 151.
4-pyW a t  67.46 ( t ,  J=7 .5Hz);  whereas,  t h e  5-pyW appeared a t  67.71 
(dd ,  J = 7 .5 ,  1.1Hz),  which i s  a downfield  s h i f t  r e l a t i v e  t o  4-pyH. 
The complex p a t t e r n  between 68 .13 -8 .40  i s  a s s igned  to  th e  remaining 
3 ' , 4 ' , 5 ' -pyW. The 13C NMR spectrum o f  150 confirmed th e  C2 
symmetry, in  which only  t e n  carbons  appeared inc luding  t h e  b r idg ing  
sp carbon a t  641.1 and th e  s i n g l e  carbonyl carbon a t  6187 .9 .  This  
i n t e r p r e t a t i o n  was again  c o r ro b o ra t e d  by th e  MS d a t a  which 
e x h i b i t e d  a p a r e n t  ion a t  m/e 600 (M+, 77).
The c r y s t a l  s t r u c t u r e  o f  150 c o n s i s t s  o f  two independent  
conformers ,  each ly in g  on a c e n t e r  o f  symmetry (F ig .  18 and 19).  
S t r u c t u r a l  d i f f e r e n c e s  a r e  small but  n o ta b le .  Each t r i p y r i d i n o  
s u b u n i t  has t h e  conformation seen in th e  analogous t r i o n e  115 with 
two W-lone p a i r s  t i p p e d  o u t - o f - t h e - p l a n e  on one s i d e ,  and th e  t h i r d  
t i p p e d  on th e  o p p o s i t e  d i r e c t i o n ,  y i e l d i n g  loc a l  Cs  symmetry. In 
t h i s  c a s e ,  th e  approximate m i r ro r  o f  t h i s  s u bun i t  i s  a l s o  a 
pseudosymmetry element o f  th e  e n t i r e  molecule ,  which has o v e r a l l  
l o c a l  symmetry C2h- P y r id in e  r i n g s  c o n ta in in g  Nl,  N2, and N3 form 
d i h e r a l  ang les  with  each o t h e r :  N1/N2 37 .7* ,  N1/N3 75 .3* ,  N2/N3 
4 1 .7 * .  Corresponding  d ih e d ra l  angles  in  t h e  second conformer a re  
37 .1 * ,  63 .7* ,  and 36 .5* .  The r i n g s  themselves  e x h i b i t  minor 
d e v i a t i o n s  from p l a n a r i t y ,  with  t h e  n i t r o g e n  atom g e n e r a l l y  having 
t h e  l a r g e s t  d e v i a t i o n  [ range  0 .015 (4 ) -0 .038 (4 )A  and average 
0.029A].  The s ideview o f  150 (Conformer 1; i l l u s t r a t e d  in  Figure 
20) shows an a n t i -confo rm a t ion .  Two b r id g in g  HC-CH l i e  in  th e  
o p p o s i t e  d i r e c t i o n  on a p lane  such as two t r i c y c l o p y r i d y l  r i n g s  
p o i n t i n g  toward th e  o t h e r  d i r e c t i o n .
Figure 18. ORTEP o f  150 (Conformer 1)
Figure 19. ORTEP o f  150 (Conformer 2)
Figure 20. Sideview o f  150 (Conformer 1)
In s p e c t i o n  o f  a CPK m olecu la r  model o f  e t h y l e n e - b r i d g e d  151,
d e r iv e d  by hydrogenat ion  o f  150, in d i c a t e d  t h a t  151 should be
c o p l a n a r  o r  n e a r l y  so and belong t o  t h e  fam i ly  o f  t h e  h igh ly
150s t r a i n e d  overcrowded e t h y le n e s  which have a t t r a c t e d  c h e m is t s '
a t t e n t i o n  over th e  l a s t  f o r t y  y e a r s .  The in t r o d u c t i o n  o f  dynamic
150@- nNMR spec t ro scopy  as well  as  o t h e r  modern te ch n iq u es  has
enab led  th e  s p a t i a l  s t r u c t u r e  o f  t h i s  i n t r i g u i n g  c l a s s  o f  compounds 
t o  be i n v e s t i g a t e d  in  d e t a i l  in both s o l u t i o n  and s o l i d  s t a t e .  In 
most c a s e s ,  tw i s t e d  a lkenes  a re  produced i f  s t e r i c a l l y  demanding 
s u b s t i t u e n t s  a r e  f ix ed  on the  same te rm inus  o f  e t h y l e n e .  For 
examples ,  i f  b i f l u o r e n y l i d e n e  (173) were c o p la n a r ,  s eve re  
nonbonding H -H. r e p u l s i o n s  would r e s u l t .  These d e s t a b i l i z i n g
q  a
i n t e r a c t i o n s  may be r e l i e v e d  by fo ld in g  o r  t w i s t i n g  a t  t h e  o l e f i n i c  
t e r m i n i . H o w e v e r ,  d iadamenty lidene  (174) m a in ta ined  an 
untwisted  double bond in s p i t e  o f  th e  presence  o f  s i g n i f i c a n t  
nonbonding hydrogen repuls ions.***0^
173 174 175
Dehydrogenation o f  150 with  2 , 3 - d i c h l o r o - 5 , 6 - d i c y a n o - l , 4 -  
benzoquinone (DDQ) in  to lu e n e  a f fo rded  (87%) o l e f i n  151, which was 
r e c r y s t a l l i z e d  from CHClj, as color less  n e e d l e s .  Dimer 150 could
a l s o  be conver ted  q u a n t i t a t i v e l y  t o  151 with  a e r a t i o n  in CHClj f o r  
s e v e ra l  days .  The NMR spectrum o f  151 appeared to  be a 
combinat ion o f  t r i o n e  115 and 150 (F ig .  17).  The 3 - ,  4 - ,  and 5-pyW 
showed t h e  same p a t t e r n  as 150, except  f o r  th e  g r e a t e r  downf ie ld  
s h i f t  due t o  t h e  more h ig h ly  s t r a i n e d  connec ting  bond. The down­
f i e l d  s h i f t s  o f  3- and 5 -py r idy l  hydrogens were more d ram at ic  than 
t h a t  o f  t h e  4-pyH. However, 3 ' -  and 4'-pyW e x h i b i t e d  th e  s i m i l a r  
p a t t e r n  to  t r i o n e  115 inc lud ing  t h e i r  r e l a t i v e  downf ie ld  s h i f t s .
The MS d a t a  were dominated by the  p a re n t  peak a t  m/e 598.
The s t r u c t u r e  o f  151 i s  i l l u s t r a t e d  in Figure 21. The
molecule l i e s  on a c e n t e r  o f  symmetry and has approximate symmetry
C ^ .  The d i s p o s i t i o n  o f  t h e  pyr idy l  r i n g s  i s  analogous t o  t h a t
seen in  150. Dihedral  ang les  between th e  p lanes  o f  p y r id i n e  r i n g s
a r e  N1/N2 3 2 .6 ° ,  N1/N3 6 1 .9 ° ,  and N2/N3 3 2 . 5 ’ . D ev ia t ions  of
n i t r o g e n  atoms from th e s e  b es t  p lanes  a re  N1 0 .0 2 5 (4 ) ,  N2 0 .0 1 8 (4 ) ,
N3 0 .025(4)A. The c e n t r a l  o l e f i n i c  bond has a bond l e n g th  o f
1 .3 6 0 (7)A; t h e  cor responding  bond l e n g th  in  173 was not
s i g n i f i c a n t l y  d i f f e r e n t  (1 .38  and 1.35A f o r  A and B form,
r e s p e c t i v e l y ) . ^ 1^ Indeed,  an e a r l y  X-ray c r y s t a l l o g r a p h i c  
151ai n v e s t i g a t i o n  o f  th e  c r y s t a l  and m olecu la r  s t r u c t u r e  o f  
b ia n th ro n e  (175) i n d i c a t e d  t h a t  the  molecule adopts in th e  ground 
s t a t e  a fo lded  centrosymmetr ic  geometry;  th e  c e n t r a l  r i n g s  a re  boat  
shaped and a t r i c y c l i c  ha lves  a re  fo lded  in  o p p o s i t e  d i r e c t i o n s  a t  
t h e  e t h y l e n i c  group o f  bond l e n g th  1.31A. The s t r u c t u r e  o f  151 
thus  resembles  p r e v io u s ly  analyzed 115 as well as  173 and 175 in 
which t h e  d i s t o r t i o n s  w i th in  the  molecule a re  not  l o c a l i z e d  but  a re
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Figure 21. ORTEP of 151
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Figure  22. Sideview o f  151 inc lud ing  two o f  th e  fou r  
CHC1^ molecules
d i s t r i b u t e d  over  s e v e ra l  bonds.  Two o f  th e  fou r  ch loroform molecules 
a re  l o o s e l y  a s s o c i a t e d  with  th e  t r i p y r i d y l  m o i e t i e s ,  as i l l u s t r a t e d  
in F igure 22. The hydrogen atoms o f  chloroforms l i e  approximate ly  
2.45A from N3 and 2.52A from Nl.
2
E thy lene -b r idged  151 c o n t a in s  again  only  sp carbons  and
should be e s s e n t i a l l y  p l a n a r .  However, the  observed deformation
from p l a n a r i t y  must be p redominate ly  due t o  N-N- lone  p a i r  r e p u l s i o n
w i th in  c o n f in e s  o f  th e  two c a v i t i e s  l i k e  t r i o n e  115. Both 150 and
151 posse ss  two unusua l ly  crowded 6 /V -e lec t ron- r ich  c a v i t i e s  and
could  be o x id ized  with  SeOg in g l a c i a l  a c e t i c  ac id  t o  a f f o r d  (80%)
t r i o n e  115. Usua lly  C-C bonds a re  i n e r t  toward SeOg o x i d a t io n .
However, in t h i s  exper iment t r i o n e  115 format ion  i n d i c a t e d  t h a t  the  
3 2b r idged  sp (150) o r  sp (151) carbon o r b i t a l  f lanked  by c y c l i c  
p y r id i n e  u n i t s  i s  h igh ly  a c t i v a t e d  toward [SeOg] o x i d a t io n .  In 
o rd e r  t o  prove t h a t  t h i s  kind o f  o x id a t io n  i s  no t  usual  in p y r id in e  
c hem is t ry  some o t h e r  model compounds with  p y r id i n e  methylene l i n k a g e  
would be n e c c e s sa ry ;  f u r t h e r  s t u d i e s  were not  conducted .
V I I -6 .  S y n th e s i s  o f  T e t r ak e to n e  125
Tr ione  115 should be an idea l  s t r u c t u r e  t o  probe th e  
e l e c t r o n i c  a nd /o r  s t e r i c  e f f e c t s  o f  /IMone p a i r s  w i th in  a h igh ly  
r i g i d  c a v i t y .  Three p y r id i n e  r i n g s  o f  115 form d ih e d ra l  ang les  o f  
35 .4* ,  41 .4* ,  and 46.5* with  each o t h e r :  t h i s  observed deformation  
from p l a n a r i t y  must be p redominate ly  due t o  N-N- lone  p a i r  r e p u l s i o n  
w i th in  t h e  c o n f in e s  o f  t h e  c a v i t y  (CHAP VI1 -3 ) .  T e t r ak e to n e  125,
t h e  nex t  h ig h e r  homolog, p o sse sse s  a 16-membered in n e r  core  analog 
t o  t h e  t e t r a p y r r o l i c  d e r i v a t i v e s  c a l l e d  "xanthophorphyrinogen" 
(Chap. 111-3 ) -  T e t r ake tone  125 should be th e  f i r s t  compound in  a 
s e r i e s  o f  a new p y r i d i n e - c o n t a i n i n g  xanthoporphyrinogens  as well as 
be t h e  f i r s t  e n t r a n t  i n t o  th e  new a rea  o f  heteroca lixarenes .
The s y n t h e t i c  r o u t e ,  s i m i l a r  t o  t h a t  used t o  p rep a re  t r i o n e  
115, was used t o  form 125. (Scheme 8) Monoketone 140 was 
s y n th e s i z e d  (63%) by t r e a tm e n t  o f  2 - l i t h i o - 6 - b r o m o p y r i d in e  (141) 
with  e th y l  ch lo ro fo rm ate  a t  <-60*C in EtgO. K e t a l i z a t i o n  o f  140 
conducted  under e i t h e r  s tan d a rd  a c i d i c * 31 o r  b a s i c 119,121c 
c o n d i t i o n s  gave (90%) 2 , 2 - b 7 S - 2 ' - ( 6 ' - b r o m o p y r i d y l ) - l , 3 - d i o x o l a n e  
(126) .  L i t h i o a c e t o n i t r i l e  r e a c te d  with  monoketal 126 t o  produce 
(22%) an orange c r y s t a l l i n e  macrocycle 127. The m a c ro cy c l i za t io n  
e f f i c i e n c y  i s  ano the r  example o f  the  a b i l i t y  o f  th e  /V-binding s i t e s  
t o  wrap in an a p p r o p r i a t e  "metal te mpla te"  t o  ensure  th e  p roper  
p o s i t i o n  o f  t h e  te rm in i  f o r  r i n g - c l o s u r e .
The *H NMR spectrum o f  127 showed a s i n g l e t  a t  615 .0  f o r  two 
H-H p r o to n s ,  which were not  r e a d i l y  exchanged in DgO a t  25*C. 
Pyr idy l  hydrogens showed a complica ted  p a t t e r n  a t  66 .84-7 .53  
i n d i c a t i v e  o f  a non-planar  c y c l i c  s t r u c t u r e .  A complica ted  p a t t e r n  
a t  64 .1 4 -4 .3 4  f o r  t h e  k e t a l  hydrogens was due t o  t h e i r  unique
envi ronm ents ,  s i n c e  th e  molecule lacked  any m i r r o r  p la n e s .
13S uppor t ive  C NMR d a t a  o f  127 e x h i b i t e d  only  t e n  s i g n a l s ,  o f  which 
th e  methine carbons appeared  a t  670.4 and ke t a l  ca rbons  were a t  
665 .0  and 66 .6  due t o  non-equ iva lence  caused by m olecu la r  
asymmetry. The p y r id i n e  ca rbons  were observed a t  th e  expected
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normal p o s i t i o n s  and th e  O-C-O appeared a t  6110.0.  The MS da ta  
were dominated by th e  p a r e n t  peak a t  m/e 530. Other c h a r a c t e r i s t i c  
f e a t u r e s  o f  127 were an u s u a l l y  high me l t ing  p o in t  [390*C (dec) ]  
and a t e l l t a l e  sp ike  a t  2190cm'1 in IR spectrum f o r  t h e  con jugated  
n i t r i l e .
F igure 23 i l l u s t r a t e s  th e  c r y s t a l  s t r u c t u r e  o f  127, which
e x i s t s  in th e  ta u tom er ic  form; C12 and C24 a re  p l a n a r  and two
p y r id i n e s  a r e  p ro to n a te d .  H al f  o f  hydrogens were observed as N1H
and N3H bonds,  th e  o th e r  h a l f  formed N4W and HZH bonds with  the
same bond l e n g t h s ,  due e i t h e r  to  a s t a t i s t i c a l  d i s t r i b u t i o n  o f  NH
tau tomers  in t h e  c r y s t a l  o r  to  r a p id  i n t e r c o n v e r s io n  o f  th e
72tau tomers  on th e  NMR time s c a l e .  This  t a u to m er ic  form rendered  
each con jugated  d ip y r id y l -m e th in e  u n i t  n e a r l y  p la n a r :  t h i s  15 
a tom -un i t  co n ta in in g  Nl, N4, and N5 i s  p lan ar to w ith in  0 .18k ,  and 
th e  atoms o f  co rresponding  u n i t  co n ta in in g  N2, N3, and N6 l i e  
w i th in  0.08A o f  a common p la n e .  These p lanes  i n t e r s e c t  a t  an angle 
o f  94 .7* .  Examination o f  CPK models i n d i c a t e d  t h a t  th e  syn- 
o r i e n t a t i o n  o f  th e  two ke ta l  r i n g s  al lowed c on juga t ion  o f  th e  
d ip y r id y lm e th in e  u n i t s ,  whi le  the  a n t i - o r i e n t a t i o n  would p r o h i b i t  
i t .
Macrocycle 127 was d e p ro te c te d  with  a l c o h o l i c  HC1 t o  g ive  
(*80%) d ione  152, which was very  i n s o lu b l e  in most common o rgan ic  
s o lv e n t s  ( e . g .  CHC13 , EtOH, DMS0, DMF, and n - hexane) .  The l ti NMR 
o f  152 showed a doub le t  a t  64.09 (J=3.8Hz) f o r  methylene b r idge  
hydrogens and th e  p y r id i n e  hydrogens appeared as a complica ted  
p a t t e r n  in th e  usual he te roa rom a t ic  r e g io n .  The MS d a t a  were
Figure 23. ORTEP o f  127
dominated by th e  p a r e n t  peaks a t  m/e 393 (M++ l ,  33) and 392 (M+ , 
93) .
Without f u r t h e r  p u r i f i c a t i o n ,  crude 152 was ox id ized  with  SeC^ 
t o  a f f o r d  a dark  g rey  o i l ,  which was chromatographed ( s i l i c a  g e l ,  
10% HOAc/EtOH) t o  g ive  (80% from 127) th e  d e s i r e d  t e t r a k e t o n e  125, 
as  c o l o r l e s s  n e e d le s .
The symmetric s t r u c t u r e  o f  125 was i n i t i a l l y  conf irmed by i t s
13C NMR spectrum; 6125.7 (C3),  137.8 (C4), 155.1 (C2), and 195.0
(C=0). S u r p r i s i n g l y ,  the  *H NMR (80MHz) showed a broad s i n g l e t  a t
67.91 f o r  th e  3- and 4-pytf, whereas a t  h ig h e r  f i e l d  (400MHz), a
sharp m u l t i p l e t  a t  67 .89-7 .94  was observed .  The MS d a t a  e x h i b i t e d
p r i n c i p l e  peaks a t  m/e 421 (M++ l ,  29) and 420 (M+ , 100).  A 
152hypsochromic s h i f t  was observed f o r  th e  K-band in th e  UV 
spectrum o f  125 compared t o  t h a t  o f  t r i o n e  115; 220nm ( log  6=4.69) 
f o r  125 and 227nm (log  6=4.43) f o r  115 in CH^CN. This e f f e c t  
i n d i c a t e d  t h a t  th e  i r - o r b i t a l s  o f  fo u r  carbonyl groups  d e v i a t e d  more 
from c o p l a n a r i t y  o f  p y r id i n e  r i n g s  than  th o s e  o f  t r i o n e  115. This 
i n t e r p r e t a t i o n  was co r ro b o ra t e d  by th e  bathochromic s h i f t  o f  B-band 
which appeared a t  275nm ( log  c=4.39) in CH^CN; 250nm ( log  6=4.36) 
f o r  t r i o n e  115. These s p e c t r a l  d a t a  suppor ted  a s t r u c t u r e  w ith  a 
high degree  o f  m olecu la r  symmetry with  n o n - p l a n a r i t y .  The high 
m e l t ing  p o in t  [380*C (dec ) ]  and again low s o l u b i l i t y  in common 
o rg an ic  s o lv e n t s  were i n d i c a t i v e  o f  th e  symmetric n a t u r e  o f  125, 
s i m i l a r  t o  known c a l i x a r e n e s . 2* ’*5 , 5 2 ’ ^ ’ 55
F igure  24 i l l u s t r a t e s  t h e  m olecu la r  s t r u c t u r e  o f  125 in which 
125 i s  s e v e r e l y  d i s t o r t e d  from a p l a n a r  conformation i n t o  a sadd le
shape,  with  N- lone  p a i r s  p o in t in g  a l t e r n a t e l y  above and below the
b e s t  p lane  o f  th e  fou r  n i t r o g e n  atoms.  The n i t r o g e n  atoms form an
approximate  square ,  with N**N d i s t a n c e s  ranging from 3 .0 1 2 (4 ) -
3.388(4)A, ang les  ranging  8 6 . 7 ( 3 ) - 9 3 . 5 ( 3 ) “ , and maximum d e v i a t i o n
from th e  b e s t  p lane 0 .1 1 3 (2)A. The c l o s e s t  d i s t a n c e  a c ro s s  the
d iagonal  o f  t h i s  approximate square i s  4 .4 0 6 (4 )A. The e i g h t
N-C-C-C t o r s i o n  ang les  in  the  16-membered h e t e ro c y c le  range from
- 9 3 . 6 ( 2 ) # t o  4 7 .2 (2 )* .  The N-C bond d i s t a n c e s  average 1.342A, C=0
d i s t a n c e  1.211A, aromatic  C-C 1.379A, and nonaromatic C-C 1.500A.
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T e t rake tone  125 co n ta in s  only  sp atoms,  l i k e  t r i o n e  115, but 
e x h i b i t s  a g r e a t e r  d e v i a t i o n  from p l a n a r i t y  than  115. This 
d i s t o r t i o n  from a p l a n a r  conformat ion  in t o  a s add le  shape must be 
p redominate ly  due t o  /V-Af-lone p a i r  r e p u l s io n  w i th in  c o n f in e s  o f  the  
c a v i t y .
A l t e r n a t i v e l y ,  125 was prepared  by th e  o x id a t io n  o f  127 with 
144m-ch loroperbenzo ic  ac id  to  g ive  d i k e t a l  153, which could  be
d e p ro te c te d  with  co n c e n t ra te d  HC1 t o  a f fo rd  t e t r a k e t o n e  125.
O xidat ion  o f  127 with  3J-chloroperbenzoic ac id  a f fo rd ed  th e  very
120i n s o l u b l e  d i k e t a l  153 via  an e pox ida t ion  o f  th e  ex o c y c l i c  double 
bonds.  The *H NMR spectrum o f  153 showed a s i n g l e t  a t  64.06 f o r  
t h e  two ke ta l  methylenes as well as  a compl ica ted  p a t t e r n  a t  
67 .40-7 .71  due t o  c o n f i g u r a t i o n a l  r i g i d i t y .  The MS d a t a  were 
dominated by th e  p a re n t  peak a t  m/e 508. Without f u r t h e r  
p u r i f i c a t i o n ,  crude 153 was d e k e t a l i z e d  with  co n c e n t r a te d  HC1 to  
a f f o r d  (70% from 127) t e t r a k e t o n e  125.
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Figure 24. ORTEP of 125
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In t h e  hopes o f  g e n e ra t in g  metal complexes, t e t r a k e t o n e  125 
was t r e a t e d  with  FeClj ,  CoClg, o r  CuClg in  warm EtOH/CHClj (or  
CHjCN), bu t  uncomplexed 125 was recovered  in v a in .  Other 
m o d i f i c a t i o n s ,  f o r  examples,  r e d u c t io n  with  BH3 and / / -oxide 
fo rm at ion  with  m-ch loroperbenzo ic  a c i d ,  were not  s u c c e s s f u l .  
Extremely low s o l u b i l i t y  in  common o rgan ic  s o lv e n t s  was th e  major
o b s t a c l e  t o  m o d i f i c a t i o n  r e a c t i o n s  o f  125; ca .  lOOmg in 50mL o f
CHClj, ca .  lmg in lOOmL o f  CH^CN, and l e s s  than lmg in lOOmL o f
CH^OH, THF, e thy l  e t h e r ,  and benzene.
V I I -7 .  T r a n s i t i o n  Metal Complexation o f  T r ione  115
I t  i s  known**^ t h a t  o-aminobenzaldehyde underwent s e l f ­
condensa t ion  in the  presence  o f  t r a n s i t i o n  metal ions  t o  form a 
complex c o n t a in in g  th e  c lo s e d ,  t r i d e n t a t e  macrocycle t r i b e n z o -  
[ b , f , j ] [ l , 5 , 9 ] t r i a z a c y c l o d u o d e c i n e  (117) .  Based on th e  
s p e c t r o s c o p i c  d a t a ,  sandwich complex 176 was proposed t o  be 
/ / - c h e l a t e d  with  t h e  s i x  imine m o i e t i e s .
117 176
From models and th e  r e s u l t s  o f  th e  X-ray c r y s t a l  s t u d y , 117 i t
i s  e v i d e n t  t h a t  t h e  lo c a l  symmetry o f  176 i s  Dj and t h a t  the  CD 
1 17cspectrum should be c o r r e c t l y  i n t e r p r e t e d  us ing  t h i s  p o in t  
group.
Figure 25. S t e r e o p a i r 117cl o f  176
In s p ec t io n  o f  a CPK molecula r  model o f  t r i o n e  115 in d i c a te d  
t h a t  i t  should s i m i l a r l y  g e n e ra te  a t r a n s i t i o n  metal ion "sandwich" 
complex, e . g .  177, in which th e  high e l e c t r o n  d e n s i t y  in  the  
v i c i n i t y  o f  th e  c a v i t y  should enhance i t s  c h e l a t i n g  a b i l i t i e s .
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Treatment o f  115 with  FeCl^ in  warm EtOH/CHClj a f fo rd ed  an 
orange s o l u t i o n ,  from which ye l low ish  orange c r y s t a l s  were ob ta ined
by slow ev ap o ra t io n  o f  t h e  s o l v e n t s .  The c r y s t a l s  were c l e a r  and 
well - fo rm ed  a t  f i r s t  i n s p e c t i o n ;  u n f o r t u n a t e l y ,  a l l  c r y s t a l s  t e s t e d  
proved t o  be twinned and,  t h e r e f o r e ,  u n s u i t a b l e  f o r  X-ray a n a l y s i s .
Trea tment o f  115 w i th  CuClg in  EtOH/CHClj gave a p a l e  green  
s o l u t i o n ,  from which a w hi te  powder immediately p r e c i p i t a t e d .  For 
good measure,  t h i s  whi te  s o l i d  was r e f lu x e d  g e n t l y  o v e rn ig h t  under 
an i n e r t  atmosphere.  These white  m i c r o c r y s t a l s  were modera te ly  
s o l u b l e  in mixed s o lv e n t s  (CHCl^: EtOH=9:1,  v / v ) ,  but  c r y s t a l s  grown 
from such a s o l u t i o n  qu ic k ly  clouded,  probably  as a r e s u l t  o f  
s o lv e n t  l o s s .  Slow evapo ra t ion  o f  EtOH/CHClj, however, a f fo rded  
l a r g e ,  da rk  green  c r y s t a l s  (178) s u i t a b l e  f o r  an X-ray s t r u c t u r e  
d e t e r m in a t io n .
Complex 178 c o n s i s t s  o f  a n e u t ra l  h e m i e t h y l k e t a l , no t  th e  
t r i k e t o n e  115, in which Cu( I I )  i s  in c o rp o ra ted  with  a J a h n - T e l l e r  
d i s t o r t e d ,  oc tahed ra l  c o o r d in a t io n .  The C u(I I )  core  e x h i b i t s  an 
oc t a h e d ra l  a r r a y  o f  th e  t h r e e  n i t r o g e n s ,  two c h l o r i d e s ,  and one 
hemiethyl ke ta l  oxygen (See:  Figure  26 and 27).  The hemiethyl 
ke t a l  backbone,  which a rose  from th e  s t r a i n e d  t r i o n e  115 dur ing
Figure 26. ORTEP Stereoview of 178
r e c r y s t a l l i z a t i o n  from EtOH/CHClj, i s  s e v e re l y  d i s t o r t e d  from a 
p l a n a r  confo rm at ion .  The p l a n a r  p y r id i n e  r i n g s  make d ih e d ra l  
a n g le s  64.5* (N1-N2), 33.0* (N1-N3), and 35.5* (N2-N3). Three 
n i t r o g e n s  o f  t h e  p y r id i n e  r i n g s  f a c i a l l y  c o o r d in a t e ;  t h e  bond 
l e n g t h s  o f  Cu-Nl and Cu-N2 a r e  2 .033(9)  and 2.022(8)A, 
r e s p e c t i v e l y ;  however, Cu-N3 bond l e n g th  i s  2 .362 (10 )A. D i s t o r t i o n  
o f  t h e  o c t a h e d ra l  geometry by a x i a l  e lo n g a t io n  r e s u l t s  in  Cu- 
hemiketa l  01 d i s t a n c e  o f  2.468(8)A i n d i c a t i v e  o f  th e  r e l a t i v e  weak 
i n t e r a c t i o n .  Axial e l o n g a t io n  a l s o  pe rm i ts  c h e l a t i o n  t o  th e  metal 
t o  occur  w ith  a " b i t e "  ang le  o f  83 .6 (4 )*  f o r  Nl-Cu-N2, 76 .3 (4)*  fo r  
Nl-Cu-N3, and 77 .2 (4 )*  f o r  N2-Cu-N3; Cu-N bonds a r e  t i l t e d  s l i g h t l y  
away from th e  p y r id i n e  r i n g s .  The Cl 1-Cu-Cl2 ang le  i s  95 .5 (2 )*  and 
an average  bond l e n g th  Cu-Cl i s  2.241A: th e s e  va lues  a r e  s t r i k i n g l y  
s i m i l a r  to  those  o f  Cu(I I )  complex o f  2 , 2 - i > 7 s ( 2 ' - p y r i d y l ) - l , 3 -  
d ioxo lane  ( 1 5 7 ) ; 131b 95 .71(2)*  f o r  Cl-Cu-Cl ang le  and 2.271A f o r  an 
average  bond l e n g th  f o r  Cu-Cl.
The s i m i l a r  s t a b i l i t y  o f  th e  "hemiketa l"  complexes was
153r e p o r t e d  by Osborne and McWhinnie du r ing  th e  p r e p a r a t i o n  o f  
complexes o f  b / s ( 2 - p y r i d y l ) k e t o n e  (145) ,  e x c l u s i v e l y  with  Cu(IX) 
s a l t s .  The 1:2 (m e ta l :1 igand )  i o n i c  p e r c h l o r a t e  p r e c i p i t a t e d  as a 
d i h y d r a t e  [v(C«0)=1448cm*1] and th e  1:1 h a l i d e s  c r y s t a l l i z e d  from 
EtOH with  one mole o f  s o lv e n t  [X=C1, v(C*0)=1445cm’ X=Br, v(C=0) 
■1446cm’ 1] .  The w ate r  o r  a lcohol  was e x p e l l e d  from t h e  adduc ts  
upon h e a t i n g ,  t o  g iv e  complexes t h a t  d i s p la y e d  carbonyl  bands 
s h i f t e d  t o  much h ig h e r  f r e q u e n c i e s  ( legS-HOTcm"1) . The phys ica l  
change was a t t r i b u t e d  t o  an a l t e r a t i o n  in  th e  mode o f  complexat ion
175
Figure 27. ORTEP of 178
Y176
from N,0  t o  N,N; wa te r  ( o r  s o lv e n t )  molecu les had added a c ro s s  the
ketone o f  NfN-coordinated 145 to y ie ld  stable  gem-diols.  F ur the r  
154s t u d i e s  demonst ra ted  t h a t  a d d i t i o n  t o  n u c l e o p h i l i c  HX occurred  
a f t e r  t h e  fo rmat ion  o f  t h e  A(,A(-coordinated complex, and t h a t  the  
s e r e n d i p i t o u s  d i s p o s i t i o n  o f  X provided  th e  p o s s i b i l i t y  o f  
t r i d e n t a t e  c h e l a t i o n  by carbonyl adduc ts  o f  145.
HO
CONCLUSION
Fundamental unders tand ing  of  the  s t r u c t u r a l ,  e l e c t r o n i c ,  and 
chemical p r o p e r t i e s  o f  n a t u r a l l y - o c c u r r i n g  and r e l a t e d  a r t i f i c i a l  
macrocycles as well as complexes has been one o f  th e  long-range  
goa l s  o f  t h i s  r e s ea rch  p r o j e c t .  In o rde r  to  unders tand ,  and to  be 
ab le  to  reproduce ,  the  ion or  molecu la r  s p e c i f i c i t y  o f  n a t u r a l l y  
o ccu r r in g  c h e l a t i n g  ag en t s ,  the  s y n th e s i s  o f  models 115 and 125 has 
been under taken .
P re p a ra t io n  o f  macrocycles 115 and 125 demanded the  a b i l i t y  to  
s y n th e s i z e  the  2 -pyr idy l  ketone u n i t :  b is - 2 - (6-bromopyr idyl )ke tone  
(140) and 2 , 6 - b / s [ 2 / - ( 6 / -b ro m o p ic o l in o y l ) ]p y r id in e  (142).  2-Bromo- 
6 - 1 i t h i o p y r i d i n e ,  gene ra ted  from 2 ,6 -d ibromopyr id ine  and /7 -butyl- 
l i t h iu m ,  was used to  s y n th e s iz e  th e s e  ke tones .  Both ac id -  and 
b a s e - c a t a ly z e d  k e t a l i z a t i o n s  were employed, the  former was f a r  
p r e f e r a b l e .
When th e  a t tem pt  was made to  c y c l i z e  the  r e s u l t i n g  k e t a l s ,  a 
new n u c l e o p h i l i c  s u b s t i t u t i o n  ro u te  was d i scove re d .  L i th io a c e to -
115 125
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n i t r i l e s  were allowed to  r e a c t  with bromopyridines to  produce 
symmetrical and unsymmetrical cyanomethine adducts  in more than  47% 
y i e l d .  In g e n e r a l ,  the  symmetrical cyanomethines were prepared  
(<20%) from 2 - ( o r  4 - ) h a lo p y r i d in e s  (o r  q u in o l in e s )  with  NaNH2 and 
CHgCN, and th e  s y n th e s i s  o f  the  unsymmetrical cyanomethines was not 
r e p o r t e d .  The c h a r a c t e r i s t i c  s p e c t r a l  f e a t u r e s  o f  th e s e  cyano­
methines a re  the  conjugated  n i t r i l e  ab so rp t ion  (IR) in the  range o f  
2160-2200 cm"1, a broad s i n g l e t  ( ] H NMR) a t  615.7±0.8 (CDC13 ) fo r  
the  N-H N bond, and the  s ig n a l s  ( ^ C  NMR) in th e  reg ion  o f  670+6 
f o r  the  m e th ine-br idge  sp -carbon atoms. Other physica l  f e a t u r e s  
a re  t y p i c a l l y  high m elt ing  p o in t s ,  compared to  s t r u c t u r a l  
c o u n t e r p a r t s ,  and low s o l u b i l i t y  in common organ ic  s o l v e n t s ,  which 
f r e q u e n t ly  poses p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  problems. The 
tau tom er ic  eq u i l ib r iu m  in  the  s o l i d  s t a t e  o f  meso-cyano compound 
165 was a s c e r t a in e d  by an X-ray c r y s t a l  s t r u c t u r e ,  in which the  
methine carbon i s  p la n a r  and only one o f  the  pyr idy l  u n i t s  i s  
p ro to n a ted ;  the  N-H [bond leng th  0 .931(12)A] hydrogen forms a 
b i f u r c a t e d  hydrogen bond with  H(N1)-N3 [1.876(12)A] and H(N1)-01 
[2 .219(11)A] . The bond le ng th  da ta  a f fo rd  a r a t i o n a l e  t o  why the
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13methine carbons  ( C NMR) appear a t  670±6 in s t e a d  o f  double bond 
re g io n .
Reac tion o f  126 or  123 with 1i t h i o a c e t o n i t r i l e  a f fo rded  
[ l n ] ( 2 ,6 )p y r id in o p h a n e s  (n=3 ,4) ,  in which the  p y r id i n e  r i n g s  were 
coupled  with  ke ta l  and cyanomethine f u n c t i o n a l i t i e s .  At 80°C, 
cyc locondensa t ion  via  n u c l e o p h i l i c  s u b s t i t u t i o n  favored  macrocycle 
fo rmat ion  because th e  in t e rm e d i a te s  a re  held in th e  d e s i r e d  syn- 
conformation by a metal ion tem p la te  e f f e c t .  The tau tom er ic  
behav ior  o f  the  methine b r idge  o f  124 and 127 was a s c e r t a i n e d  by 
NMR as well as IR and X-ray an a ly se s .
Hydrolys is  of  the  ke ta l  and n i t r i l e  groups under a c i d i c  
c o n d i t io n s  gave methy len ic  i n t e rm e d i a t e s ,  which were ox id ized  with 
SeC^ t o  a f fo rd  the  d e s i r e d  t r i o n e  115 and t e t r a k e t o n e  125. A 
p o s s i b l e  r e a c t i o n  pathway fo r  the  lo s s  o f  th e  n i t r i l e  can be 
env is ioned  to  proceed via  a s i x - c e n t e r e d  t r a s i t i o n  s t a t e .  
A l t e r n a t i v e l y ,  a f a c i l e  e pox ida t ion  o f  the  a , 0 - u n s a t u r a t e d  n i t r i l e  
tau tomers  with  m-chloroperbenzoic  ac id  to  a f f o r d  cyanohydr ins,  
which smoothly e l im in a te d  cyanide to  a f f o r d  a keto group;  fo l lowed 
by d e k e t a l i z a t i o n  under a c i d i c  c o n d i t io n s  a f fo rd e d  the  same 
ke tones .
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Trione 115 and t e t r a o n e  125 c on ta in  only  sp r in g  atoms and 
should be e s s e n t i a l l y  f l a t  - b a r r in g  any d i r e c t  /V-electron 
i n t e r a c t i o n s ;  however, t h e  observed deformation  from p l a n a r i t y  must 
be predominantly  due to  W,/V-lone p a i r  r e p u l s i o n s  w i th in  the  
co n f in e s  o f  th e  c a v i t y .  The d ihe d ra l  angles  o f  p y r id i n e s  in t r i o n e  
115 a r e  35 .4 ,  41 .4 ,  and 4 6 .5 ° ;  the  e i g h t  N-C-C-C t o r s i o n  ang les  in
th e  16-membered h e t e ro c y c l e  o f  t e t r a o n e  125 range from -9 3 .6 (2 ) °  to  
4 7 . 2 ( 2 ) ° .
W i t t ig  r e a c t i o n s  and the  Knoevenagel condensa t ions  on the
b r idg ing  carbonyl groups in t r i k e t o n e  115 were u n s u c c e s s fu l ,  but
f a c i l e  monohemiketa l i za t ion  o f  115 was observed .  S in g le  c r y s t a l
X-ray ana ly se s  o f  hemiketal  167, d i k e t a l  120, and monoketal 119
were performed,  in which deformations  from p l a n a r i t y  were observed.
X-ray a n a l y s i s  o f  a Cu(II )  complex i s o l a t e d  from ethanol
confirmed th e  presence  o f  a hemiethyl ke ta l  (178) .  The s i m i l a r
s t a b i l i t y  o f  th e  "hemiketal"  complexes was re p o r te d  by Osborne and 
153McWhinnie dur ing  th e  p r e p a r a t io n  o f  complexes o f  b i s - { 2- 
p y r i d y l ) ketone (145),  e x c l u s i v e ly  with  Cu(I I )  s a l t s .
Upon exposure to  a i r ,  p r e c u r s o r  143 o f  t r i k e t o n e  115 underwent 
o x i d i z a t i o n  to  a f fo rd  d im er ic  [ l g ] (2 ,6 )p y r id in o p h a n e  150. Each 
t r i p y r i d i n o  s ubun i t s  has the  conformation  seen in th e  analogous 
t r i o n e  115 with  two Af-lone p a i r s  t ip p ed  o u t - o f - t h e - p l a n e  on one 
s i d e ,  and th e  t h i r d  t i p p e d  on th e  o p p o s i te  d i r e c t i o n ,  y i e l d i n g  
lo c a l  C$ symmetry. Two b r idg ing  HC-CH l i e  in t h e  o p p o s i t e  
d i r e c t i o n  on a p lane such as two t r i c y c l o p y r i d y l  r i n g s  p o in t in g
toward th e  o t h e r  d i r e c t i o n .  Dehydrogenation o f  150 with  2 ,3 -
»
d ic h lo ro -5 ,6 -d i c y a n o - l , 4 -b e n z o q u in o n e  (DDQ) a f fo rd ed  o l e f i n  151.
Dimer 150 could a l s o  be conver ted  q u a n t i t a t i v e l y  t o  151 with
a e r a t i o n  in  CHClg f o r  s ev e ra l  days .  E thy lene-b r idged  151 co n ta in s  
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again only  sp carbons and should be e s s e n t i a l l y  p l a n a r .  However, 
th e  observed deformation  from p l a n a r i t y  must be predominate ly  due 
again t o  W-AMone p a i r  r e p u l s i o n  w i th in  con f ines  o f  th e  two
c a v i t i e s  l i k e  t r i o n e  115. Both 150 and 151 possess  two unusually
crowded 6W -e lec t ron - r i ch  c a v i t i e s  and could be ox id ized  with  Se02
in g l a c i a l  a c e t i c  ac id  t o  a f fo rd  (80%) t r i o n e  115. Usually  C-C
bonds a re  i n e r t  toward Se02 o x id a t io n .  However, in t h i s  experiment
3 2t r i o n e  115 format ion i n d i c a t e d  t h a t  th e  bridged  sp (150) o r  sp 
(151) carbon o r b i t a l  f lanked  by c y c l i c  p y r id in e  u n i t s  i s  h igh ly  
a c t i v a t e d  toward [Se02] o x id a t io n .
A ssoc ia ted  with  the  s y n th e s i s  o f  ( 2 ,6 )py r id inophanes  he re in  
performed,  th e  s y n th e s i s  o f  179 ( c o r r i n  model) and 180 were very 
i n t e r e s t i n g .  CPK m olecu la r  models i n d i c a t e  t h a t  both py r id in o -  
phanes a re  h igh ly  s t r a i n e d  frameworks,  however, c o n s t r u c t a b l e  by 
a p p l i c a t i o n  o f  th e  same r e a c t i o n  r o u te  as shown in Scheme 9 and 10.
For e l u c i d a t i n g  the  unique e l e c t r o n i c  and s t r u c t u r a l  
r e l a t i o n s h i p s  between (2 ,6 )py r id inophanes  and known b io lo g ic a l  
systems the  chemis try  o f  " p y r id y l -p o rp h y r in "  s k e le to n s  w i l l  be 
conducted through p a r t i a l  r ed u c t io n  (chemical and e l e c t r o l y t i c )  and 
s u b s t i t u t i o n  r e a c t i o n s ,  which w i l l  permi t  f u n c t i o n a l i z a t i o n  o f  the  
p e r ip h e ry  as well as s y n th e s iz e  the  novel m e ta l lohe te rom acrocyc les .  
For examples,  t e t r a o n e  125 possesses  16-membered in n e r  co re  
analogous to  many imine and porphyrin  systems,  except  125 i s  a t  the  
wrong o x id a t io n  s t a t e  t o  be o x i d a t i v e l y  comparable to  th e  porphyrin  
in n e r  r i n g .  Of the  red u c t io n  p ro d u c ts ,  181 and 182 a re  by f a r  the  
most impor tan t  due t o  t h e i r  d i r e c t  o x id a t iv e  r e l a t i o n s h i p  t o  the  
porphyr in  s k e l e t o n s .  Whereas 181a would be u n s ta b l e  f o r  th e  vinyl  
a lcohol  b r id g e s ,  181b would possess  a pronounced s t r u c t u r a l  
s i m i l a r i t y  to  127. Chemical red u c t io n  o f  181b can a l s o  be
182
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conducted to  a f fo rd  182b; the  a b i l i t y  to  con t ro l  th e  s p e c i f i c i t y  
w i l l  probably be more d i f f i c u l t .
The f u t u r e  work in t h i s  f i e l d  o f  (2 ,6 )pyr id inophanes  must 
inc lude  the  m od i f ica t io n  o f  the  carbonyl f u n c t i o n a l i t y  to  in c re a se  
th e  Af-electron d e n s i t y  w i th in  the  macrocycl ic  co re .  Recent ly ,  new 
methods of  carbonyl m e thy la t ion  were repo r te d  with t r i m e t h y l - 
s t a n n y l m e t h y l l i t h iu m , 155a CH2I 2-Zn-TiCl4 , 155b CH2 I 2-Zn-Ti-  
( 0 - i P r ) 4 , 155c CH2 I2-Zn-Me3A l , 155c Cl2W(0)=CH2 , 155d’e and 
W [ = f ( C H ^ H 2](OCH2Bu)2X2 . 155f’9 These methods have proven t o  be 
s u i t a b l e  f o r  carbonyl o l e f i n a t i o n  o f  alkyl  and phenyl group.  The 
only l i m i t i n g  f a c t o r  o f  carbonyl o l e f i n a t i o n  in j r - d e f i c i e n t  
py r id in e  chemis try  i s  th e  r e s e a r c h e r s '  imaginat ion and fo re though t .
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Table Al. Bond Distances (A) and Angles (") for 165.
Bonds  A____ A n g l e s
01 - Cl 1 . 4 0 6 ( 1 )
01-C2 1 . 3 7 9 ( 1 )
02 - Cl 5 1 . 4 0 4 ( 1 )
0 2 -C 1 6 1 . 4 0 7 ( 1 )
N1-C3 1 . 3 5 7 ( 1 )
N1-C7 1 . 3 6 5 ( 1 )
N2-C9 1 . 1 4 8 ( 1 )
N3-C10 1 . 3 5 0 ( 1 )
N3-C14 1 . 3 4 3 ( 1 )
C2-C3 1 . 4 9 8 ( 2 )
C3-C4 1 . 3 5 7 ( 1 )
C4-C5 1 . 4 0 0 ( 2 )
C5-C6 1 . 3 5 0 ( 1 )
C6-C7 1 . 4 1 8 ( 1 )
C7-C8 1 . 4 1 0 ( 1 )
C8-C9 1 . 4 1 7 ( 1 )
C8-C10 1 . 4 5 2 ( 1 )
CIO - Cl 1 1 . 4 0 1 ( 1 )
Cl 1 - Cl 2 1 . 3 7 0 ( 1 )
Cl 2 - Cl 3 1 . 3 8 5 ( 1 )
C13-C14 1 . 3 8 2 ( 1 )
C14-C15 1 . 4 9 6 ( 1 )
H - 0 1 [ d J ] 2 . 2 1 9 ( 1 1 )
H - N l L d 1 ] 0 . 9 3 1 ( 1 2 )
H - N 3 [ d 2 ] 1 . 8 7 6 ( 1 2 )
C 1 -0 1 -C 2 1 1 4 . 5 1
Cl 5 - 0 2 -  Cl 6 1 1 3 . 0 1
C3-N1-C7 1 2 3 . 9 1
C10-N3-C14 1 1 9 . 3 1
0 1 - C 2 - C 3 1 1 0 . 2 1
N1-C3-C2 1 1 6 . 7 1
N1-C3-C4 1 1 9 . 8 1
C2-C3-C4 1 2 3 . 5 2
C4-C5-C6 1 2 1 . 1 1
C5-C6-C7 1 2 0 . 5 1
N1-C7-C6 1 1 6 . 1 1
N1-C7-C8 1 2 0 . 1 1
C6-C7-C8 1 2 3 . 9 1
C7-C8-C9 1 1 6 . 8 1
C 7-C 8-C 10 1 2 5 . 9 1
C9-C8-C10 1 1 7 . 2 1
N 2-C9-C8 1 7 9 . 4 2
N 3-C 10-C 8 1 1 8 . 3 1
N3- C1.0- Cl 1 1 2 0 . 4 1
C8-C10-C11 1 2 1 . 3 2
CIO - Cl 1 - C12 1 1 9 . 5 1
Cl 1 - Cl 2 - Cl 3 1 2 0 . 0 1
C 1 2 -C 1 3 -C 1 4 1 1 7 . 9 1
N 3 -C 14-C 13 1 2 2 . 8 2
N 3-C 14-C 15 1 1 5 . 1 1
C 1 3 -C 14-C 15 1 2 2 . 1 1
202
Table A2. Crystal Data and Coordinates of Nonhydrogen
Atoms for 165
C1fiH17N,09 , MW=283.3, t r i c l i n i c  space group PI,  a= 7 .5310(6),  
^ 9 . 9 5 7 7 ( 1 2 ) ,  c=11.0301(12)A, cn?65.957(10) ,  0=73.652(8),  
7=85 .889(8)° ,  Z=2, D =1.300gcm , /i(MoKa)=0.82cm , R=0.046 f o r  
2137 o b s e rv a t io n s  (o f  3171 unique d a t a ) ,  1°<0<27°, 235 v a r i a b l e s .  
All H atoms except  CHg a re  r e f i n e d .
Atoms X 1 z
01 0.1335(2) 0.2603(1) 0.5284(1
02 0.1155(2) 0.3208(1) 0.9411(1
N1 0.2834(2) 0.5177(1) 0.3548(1
N2 0.5030(3) 1.0123(2) 0.2004(2
N3 0.2681(2) 0.5584(1) 0.5805(1
Cl 0.0748(3) 0.1169(2) 0.6275(2
C2 0.1746(2) 0.2756(2) 0.3934(2
C3 0.2503(2) 0.4287(2) 0.2967(1
C4 0.2874(2) 0.4800(2) 0.1573(1
C5 0.3594(3) 0.6248(2) 0.0767(1
C6 0.3912(2) 0.7126(2) 0.1355(2
C7 0.3523(2) 0.6598(2) 0.2811(1
C8 0.3795(2) 0.7452(2) 0.3502(1
C9 0.4482(3) 0.8925(2) 0.2669(2
CIO 0.3356(2) 0.6978(2) 0.4989(1
Cll 0.3600(2) 0.7942(2) 0.5573(1
C12 0.3093(3) 0.7474(2) 0.6980(1
C13 0.2354(2) 0.6055(2) 0.7816(1
C14 0.2195(2) 0.5140(2) 0.7184(1
C15 0.1485(2) 0.3571(2) 0.7993(1
C16 0.0698(4) 0.1701(2) 1.0230(2
203
Table A3. Important Torsion Angles (° ) for 165
Cl-01 -C2-C3 -175.3
01-C2-C3-N1 6.7
N1-C7-C8-C9 -178.8
N3-C10-C8-C9 179.3
N3-C14-C15-02 175.7
C14-C15-02-C16 -172.8
Table A4. Bond Distances (A) and Angles (° )  for 124
Bonds
01-C 6
0 1 -C 2 0
02 -C 6
02-C 21
03 -C 1 2
03 -C 2 2
04 -C 1 2  
04 -C 2 3  
N l - C l  
N1-C5 
N2-C7 
N2-C11 
N3-C13 
N3-C17 
N4-C19 
C1-C2 
C1-C18 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C6-C7 
C7-C8 
C8-C9 
C9-C10 
C I O - C l 1 
C11-C12  
C12-C13  
C13-C14 
C14-C15  
C15-C16  
C16-C17  
C17-C18  
C18-C19 
C20-C21  
C22-C23
H - N l [ d l ]
H- N2 [ d | ]
H - N 3 [ d 3 ]
* the  two 
and h a l f
A A n g l e s •
1 . 4 1 4 2) C 6 -0 1 -C 2 0 1 0 7 . 5 2)
1 . 4 2 5 2) C 6-0 2 -C 2 1 1 0 5 . 3 2)
1 . 4 1 1 2) C 1 2 -0 3 -C 2 2 1 0 5 . 9 2)
1 . 4 2 3 2) C 1 2 -0 4 -C 2 3 1 0 8 . 2 2)
1 . 4 2 3 2) C1-N1-C5 1 2 1 . 9 2)
1 . 4 2 5 2) C7-N2-C11 1 1 8 . 1 2)
! . 4 1 5 2) Cl 3 - N3- Cl 7 1 2 1 . 9 2)
1 . 4 2 6 2) N1-C1-C2 1 1 8 . 0 2)
1 . 3 5 7 2) N1-C1-C18 1 1 9 . 2 2)
1 . 3 5 7 2) C2-C1-C18 1 2 2 . 9 2)
1 . 3 4 1 2) C1-C2-C3 1 1 9 . 7 2)
1 . 3 3 5 2) C2-C3-C4 1 2 1 . 0 2)
1 . 3 4 9 2) C3-C4-C5 1 1 8 . 3 2)
1 . 3 6 0 2) N1-C5-C4 1 2 1 . 2 2)
1 . 1 5 4 2) N1-C5-C6 1 1 6 . 1 2)
1 . 4 1 3 2) C4-C5-C6 1 2 2 . 8 2)
1 . 4 3 1 2) 0 1 - C 6 - 0 2 1 0 6 . 4 2)
1 . 3 5 4 2) 0 1 -C 6 -C 5 1 0 8 . 9 2)
1 . 3 9 4 2) 0 1 -C 6-C 7 1 1 0 . 3 2)
1 . 3 5 7 2) 0 2 -C 6-C 5 1 0 8 . 4 2)
1 . 5 2 5 2) C9-C10-C11 1 1 8 . 5 2)
1 . 5 2 8 2) N2- C l 1 - CIO 1 2 2 . 8 2)
1 . 3 8 2 2) N2-C11-C12 1 1 4 . 7 2)
1 . 3 7 9 2) C10-C11-C12 1 2 2 . 1 2)
1 . 3 7 8 2) 0 3 - C 1 2 - 0 4 1 0 6 . 9 2)
1 . 3 7 8 2) 03 - Cl 2 - C l 1 1 0 8 . 8 2)
1 . 5 1 7 2) 0 3 - C12-C13 1 1 0 . 9 2)
1 . 5 3 6 2) 0 4 - Cl 2 - Cl 1 1 1 0 . 5 2)
1 . 3 6 5 2) 0 4 -C 1 2 -C 1 3 1 0 8 . 5 2)
1 . 3 9 7 2) Cl 1 -  Cl 2 - Cl 3 111.1 2)
1 . 3 5 6 2) N 3-C13-C12 1 1 6 . 2 2)
1 . 4 1 7 2) N3-C13-C14 1 2 1 . 2 2)
1 . 4 3 1 2) C 12-C 13-C 14 1 2 2 . 6 2)
1 . 4 2 1 2) C 13-C 14-C 15 1 1 8 . 4 2)
1 . 5 0 0 3) C14-C 15-C 16 1 2 0 . 7 2)
1 . 4 8 7 3) C15-C16-C17 1 1 9 . 8 2)
N 3-C17-C16 1 1 8 . 0 2)
N 3-C 17-C 18 1 1 8 . 9 2)
0 . 8 6 * C 1 6 -C 17-C 18 1 2 3 . 1 2)
2 . 1 6 * C 1-C18-C17 1 2 5 . 8 2)
1 . 9 6 *
p o s i t i o n s  H( N1) and  H(N3) a r e  u n r e f i n e d  
- p o p u l a t e d  by H.
Table A5. Crystal Data and Coordinates of Nonhydrogen Atoms
for 124
C?3Hl 8 Nd °d ’ MW=414.4, monoclinic P 2 , /n ,  a = l l , 104(4),  6=7.544(21 
c=22f375(4)A, a= 91 .66(2 )° ,  Z=4, D =I.469gcm , /i(MoKa)=0.97cnf1 
R=0.035 f o r  2103 o b s e rv a t io n s ,  1°<0<27°, 280 v a r i a b l e s .
fllom X y z
01 0 .3 1 0 2 ( 1 ) 0 .2 2 0 8 ( 2 ) 0 .0 7 9 6 8 (6 )
02 0 .1 7 2 5 ( 1 ) 0 .4 3 9 3 ( 2 ) 0 .0 8 9 6 1 (6 )
03 - 0 . 2 4 4 1 ( 1 ) 0 .3 0 0 1 (2 ) 0 .0 9 8 4 0 (6 )
04 - 0 . 3 1 1 4 ( 1 ) 0 .0 1 5 3 ( 2 ) 0 .1 0 4 1 9 (6 )
N1 0 . 1 2 5 1 (1 ) 0 . 2 5 0 1 (2 ) 0 .2 0 9 3 8 (7 )
N2 - 0 . 0 0 3 7 ( 1 ) 0 .  1860(2) 0 .1 0 3 5 2 (7 )
N3 - 0 . 1057( 1) 0.  1777(2) 0 .2 17 8 8 (6 )
N4 0 .0 5 3 6 ( 2 ) 0 .2 2 0 2 (3 ) 0 .4 1 7 9 3 (8 )
Cl 0 . 1 3 4 6 (2 ) 0 .2 4 5 6 (3 ) 0 .2 6 9 9 8 (9 )
C2 0 .2 5 0 3 ( 2 ) 0 . 2 6 2 2 (3 ) 0 .29746(1 0)
C3 0 . 3 4 6 0 (2 ) 0 .2 8 1 0 ( 4 ) 0 .26319(1 0)
C4 0 .3 3 6 7 ( 2 ) 0 . 2 8 2 0 (4 ) 0 .2 00 9 9 (1 0 )
C5 0 . 2 2 4 9 (2 ) 0 .2 6 5 9 (3 ) 0 .1 7 5 4 8 (9 )
C6 0 .2 0 2 0 ( 2 ) 0 . 2 6 5 3 (3 ) 0 .1 0 7 5 6 (9 )
C7 0 . 1 0 2 0 (2 ) 0 .1 3 3 0 (3 ) 0 . 0 9 0 6 3 ( 8 '
CB 0 . 1 2 7 3 (2 ) - 0 . 0 3 5 4 ( 3 ) 0 .0 6 9 3 4 (9 )
C9 0.0335(2) -0 .1548(3 ) 0 .06452(10)
C10 - 0 . 0 8 0 3 ( 2 ) -0 .1045(3 ) 0 .08066(9)
C ll -0 .0977 (2 ) 0 .0674(3) 0.09933(8)
C12 -0 .2171(2 ) 0 .1 3 0 3 ( 3 ) 0.12301(8)
C13 -0 .2131(2 ) 0 .1371(3) 0 .19166(9)
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Table . (Cont 'd )
fllom x y z
“ -
C14 - 0 . 3 1 1 7 ( 2 ) 0 .  1033(3) 0 .2 24 3 9 (9 )
C15 - 0 . 2 9 9 2 ( 2 ) 0 .1 1 2 6 (3 ) 0 .28711(9 )
C16 - 0 .1 9 1 3 ( 2 ) 0 .1 5 2 6 (3 ) 0 .31378(9 )
C17 -0 .0 8 9 9 ( 2 ) 0 . 1 8 4 6 (3 ) 0 .27833(8 )
c ie 0 .0 2 7 6 (2 ) 0 .2 2 1 1 (3 ) 0 .3 0 3 1 8 (8 )
C19 0 . 0 4 2 0 (2 ) 0 .2 2 0 5 (3 ) 0 .36651(9 )
C20 0 .3 1 7 6 (2 ) 0 . 3 2 8 6 (3 ) 0 .0 2 762(9 )
C21 0 . 2 1 2 3 (2 ) 0 .4 5 2 8 (3 ) 0 .0 29 8 7 (9 )
C22 - 0 .3 7 0 6 ( 2 ) 0 . 3 0 0 8 (3 ) 0 .085=5(10)
C23 - 0 . 3 9 4 8 ( 2 ) 0 .1 1 4 2 ( 3 ) 0 .06796(1 0)
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Table A6. Bond Distances (A) and Angles (° ) for 167
N( 1)
CC1)
CC2)
C(3)
C(4)
C(5)
C ( D
CC5)
c ( D
NCD
CC2)
CC 19)
N(D
NCD
CC2)
CCD
HC2)
CC3)
CCD
CCD
HC2)
CC2) 
HC3) 
CC4) 
CC 2) 
CC2) 
HC3)
CC3)
HC4)
CC5)
CC3)
CC3)
HC4)
NCD
CC4)
CC6)
NCD
NCD
C(4)
CCS)
C(2) 
CC 19) 
CC 19)
H(2)
CC3)
CC3)
HC3)
CC4)
CC4)
HC4)
C(5)
CC5)
CC4)
CC6)
CC6)
1.3356  
1 .3294
118.803
1.3356
1 .3784  
1 .4993
122 .260
116.30 4
121.421
1 .3 784  
0 .8 957
1.3608  
116 .755  
118.625 
124 .517
1.3608  
0 .9379  
1 .3801.
120.673
119 .862
1 19.253
1.3801
1 .0 4 1 8
1 .3 860  
121.803 
118.16 6  
119 .993
1.3294
1.386 0  
1 .529 2
122 .038
114.945
122.852
0 .0 042
0 .0 040
0 .277
0.004 2
0 .0 0 5 4
0.0046
0 .293
0 .2 9 3
0 .317
0 .0 0 5 4
0.0367
0.005 9
2 .213
0 .372
2 .1 8 0
0 .0059
0.0441
0.0059
2 .519
0 .397
2 .587
0 .0059
0 .0361
0 .0 0 5 2
1.899
0 . 3 6 0
1.901
0 .0 0 4 0
0 .0052
0 .0047
0 .3 1 0
0 .267
0 .297
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Table A6. (Cont'd)
C(6)
0 ( 1 )
0 ( 2 )
C( 7)
C(8)
C(9)
C ( 5 ) 1 .5292 0.0047
0 ( 1 ) 1 .4008 0.0037
0 ( 2 ) 1 .4171 0.004 6
C ( 8 ) 1 .5396 0.0048
C(5 ) 0 (8 ) 107.736 0 .250
C(5) 0 ( 1 ) 106 .706 0.269
C(5) 0 (2 ) 113.29 4 0 .300
0 ( 1 ) 0 ( 8 ) 112 .181 0.308
0 ( 1 ) 0 ( 2 ) 111 .588 0 .258
0 ( 2 ) 0 ( 8 ) 105.37 8 0 .250
C( 6) 1 .4008 0.0037
H( 1) 0 .7738 0.0517
C(6) H( 1) 106.74 6 3.879
C(6) 1.4171 0.00 46
C(7) 1.4319 0.0051
C(6) 0 ( 7 ) 115.533 0 .290
0 ( 2 ) 1 .431 9 0.0051
H(7A) 1 .1 176 0.0542
H(7B) 1 .0 6 2 4 0.0616
H(7C) 1.0477 0.0526
0 ( 2 ) H(7A) 108.187 3. 184
0 ( 2 ) H(7B) 114 .802 2 .8 4 0
0 ( 2 ) H(7C) 106 .141 2 .579
H(7A) H(7B) 106 .337 3 .900
H(7A) H(7C) 111.31 3 3 .680
H(7B) H(7C) 110 .120 4 . 3 2 0
C(6) 1 .5396 0.004 8
C(9) 1.3 800 0.0069
N(2) 1.3287 0.0041
C(6) 0 (9 ) 122.51 3 0 .294
C(6) N(2) 115 .074 0 .325
C(9 ) N(2) 122.30 3 0 .319
C(8) 1 .3800 0.0069
H(9) 0 .9 6 1 2 0.040 2
C(10) 1.3 740 0.0067
C(8 ) H(9) 122.096 2 .628
C(8 ) 0 (1 0 ) 118.71 9 0 .4 1 0
H(9) C(10) 119 .185 2 .650
Table A6. (Cont'd)
C(10) 
C( 11)
CC 12)
N(2)  
C( 13)
0 ( 3 )  
C( 14)
C (15)
C(9 )  1 .3740 0 .00 67
H(10) 0 .9445  0 .0443
C ( 11) 1 .3809 0 .0073
C( 9) H ( 10) 116.021 1 .980
C(9)  C ( l l )  119.631 0 .549
H(10) CC11) 124.327 1 .986
C ( 10) 1 .3809 0 .0073
H(11) 0 .891 7 0 .0395
C ( 12) 1 .3726 0 .0075
C(10) HC11) 125.025 2 .956
C(10) C ( 12) 118.017 0 .4 3 4
H( 11) C ( 12) 116.904 2 .9 1 2
C ( 11) 1 .3726 0 .007 5
N(2) 1 .3457 0 .0042
C ( 13) 1 .5085 0 .0051
C ( l l )  N(2)  122.774  0 .337
C ( U )  C( 13) 122.282 0 .329
N(2) C ( 13) 114.930 0 .3 4 8
C(8)  1 .3287 C.0041
C(12)  1 .3457 0 .0042
C(8) C ( 12) 118.322 0 .335
C ( 12) 1 .5085 0 .0051
0 ( 3 )  1 .2191 0 .0045
C ( 14) 1 .4870  0 .0057
C ( 12) 0 ( 3 )  120.481 0 .375
C ( 12) C ( 14) 117.795 0 .2 8 4
0 ( 3 )  C ( 14) 121.724 0 .341
C ( 13) 1 .2191 0 .0 045
H(1) 2 .0 836  0 .0 5 1 3
C ( 13) 1 .4870  0 .0 057
0 ( 1 5 )  1 .3881 0 .0 0 5 9
N(3)  1 .3369 0 .0045
0 ( 1 3 )  C ( 15) 122.730 0 .361
C ( 13) N(3)  115.127 0 .3 2 0
0 ( 1 5 )  N(3)  122.089 0 .3 7 0
0 ( 1 4 )  1 .3881 0.0Q59
H(15) 0 .9 3 7 4  0 .0 4 2 6
0 ( 1 6 )  1 .3787 0 .0072
C(14)  H ( 15) 111.532 2 .999
0 ( 1 4 )  C ( 16) 118.919 0 .423
H (15) C ( 16) 129.234 2 .9 4 4
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Table A6. (Cont'd)
C( 16)
C( 17)
C(18)
N(3)
C( 19)
0 ( 4 )
C( 15) 
H( 16) 
C( 17) 
C( 15) 
C( 15) 
H( 16)
C( 16) 
H( 17) 
C( 18) 
C( 16) 
C( 16) 
H( 17)
C( 17) 
N(3) 
C( 19) 
C( 17) 
C(17) 
N(3)
C( 14) 
C( 18) 
C( 14)
C ( l )
C( 18)
0 ( 4 )
C ( l )
C ( l )
C(18)
C( 19)
H( 16) 
C( 17) 
C( 17)
H( 17) 
C( 18) 
C( 18)
N(3)  
C( 19) 
C( 19)
C( 18)
C( 18)
0 ( 4 )
0 ( 4 )
1.3787
0 .9 592
1.3697 
121.599 
119.338 
119.060
1.3697
0.9585
1.3851 
126.816 
118.428 
114.716
1.3851
1.3346
1.4997 
123.039 
121 .404 
115.470
1.3369
1.3346 
118.171
1.4993
1.4997
1.2140 
118.053  
120.831 
121,100
1.2140
0 .0072
0 .0 5 0 8
0 .0 0 6 5
2 .5 8 4
0 .4 4 5
2 .5 8 8
0 .0 065
0 . 0 4 0 8
0 .0 0 5 8
2 .3 6 3
0 .4 2 4
2 .3 7 4
0 . 0 0 5 8
0 .0049
0 . 0 0 5 0
0 .3 3 3
0 .3 6 5
0 .3 2 3
0 .0045
0 .0049
0 .3 1 1
0 .0 0 4 6
0 .0 0 5 0
0 .0047
0 .307
0 . 3 2 2
0 .3 0 1
0 .0047
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Table A7. Crystal Data and Coordinates of Nonhydrogen
Atoms for 167
CmHioN^O., MW=347, monocl inic space group P 2 , /n ,  a=13 .125(2) ,  
f c i l . l l o M .  c= 15-872(2)A, 0=110 .92(1)° ,Z=4, M ; f 6 g c m  ’ ■ m  
/i(MoKa), R=0.044 fo r  1549 o b s e rv a t io n s ,  1#<0<22.57 , 288 v a r i a b l e s .
ATOM X Y Z U
N( 1) 153(2 ) 2 8 4 2(3 ) 2193(2) 4 2 ( 1 ) *
C ( l ) - 1 4 9 ( 3 ) 134 5(4) 1865(2) 4 2 ( 1 ) *
C(2) 3 (3 ) - 5 ( 5 ) 241 5(3) 5 6 (2 ) it
C(3) 4 5 3 (4 ) 2 07(5 ) 3324(3) 6 7 (2 ) *
C(4) 6 9 8 (3 ) 1759(5) 3677(3) 5 9 (2 ) ★
C(5) 5 4 3 (3 ) 3 0 5 4(4 ) 3082(2) 4 2 (1 ) ic
C(6) 720 (3 ) 4 8 3 5 (4 ) 3391(2) 4 5 ( 1 ) it
0 ( 1 ) 1171(3) 4 8 1 0 ( 4 ) 433 5(2 ) 6 2 ( 1 ) it
0 ( 2 ) 1386(2) 5 7 1 3 (3 ) 3016(1) 4 7 ( 1 ) ★
C(7) 245 4(3) 5 0 5 5 (7 ) 3197(3) 6 8 ( 2 ) *
C(8) -3 9 6 ( 3 ) 5 6 9 5 ( 4 ) 3040(2) 4 5 ( 1 ) *
C(9 ) - 9 3 9 ( 4 ) 6 1 6 4 (5 ) 3602(3) 6 8 ( 2 ) *
C(10) - 1 9 5 2 ( 4 ) 6 8 6 6(6 ) 3228(4) 8 5 ( 2 ) *
C ( l l ) - 2 4 3 0 ( 4 ) 6 9 9 8 (5 ) 2302(4) 7 2 (2 ) *
C( 12) - 1 8 5 0 ( 3 ) 6 4 5 8(4 ) 1788(2) 4 8 ( 1 ) *
N(2) - 8 2 8 ( 2 ) 5 8 7 0(3 ) 2151(2 ) 4 3 ( 1 ) *
C( 13) -2 3 2 4 (3 ) 6 4 4 4(5 ) 771(3 ) 5 6 (2 ) it
0 ( 3 ) - 3 0 6 5 ( 2 ) 736 8(4) 365(2) 8 7 (1 ) it
C(14) - 1 8 6 1 ( 3 ) 5 2 6 8 (5 ) 290 (2 ) 4 6 ( 1 ) *
C( 15) - 1 7 0 3 ( 3 ) 5 6 5 5 (6 ) - 5 0 6 (3 ) 6 1 ( 2 ) *
C( 16) - 1 2 0 6 ( 4 ) 4 5 2 8 ( 6 ) - 8 7 7 (3 ) 6 9 ( 2 ) ★
C( 17) - 8 8 4 ( 3 ) 3 0 5 7(6 ) - 4 5 5 ( 2 ) 5 8 ( 2 ) *
C( 18) - 1 0 7 8 ( 3 ) 2 7 5 4(4 ) 333 (2 ) 4 6 ( 1 ) *
N(3) - 1 5 6 4 ( 2 ) 3 8 2 6(4 ) 699 (2 ) 4 2 ( 1 ) *
C( 19) - 6 9 2 ( 3 ) 1212(5) 861 (2 ) 5 1 ( 1 ) *
0 ( 4 ) - 8 3 1 ( 2 ) - 1 0 9 ( 3 ) 4 9 0 (2 ) 72 (1 ) *
* EQUIVALENT ISOTROPIC TEMPERATURE FACTOR
INTERNATIONAL TABLES FOR X-RAY CRYSTALLOGRAPHY, VOL. 4 ,  316.
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Table A8. Bond Distances (A) and Angles (° ) for 115
B o n d s A A m (yX.filL
•
N l - C l 1 . 3 3 8 2) C1-N1-C5 1 1 6 . 7 2
N1-C5 1 . 3 3 5 1) C7-N2-C11 1 1 8 . 6 2
N2-C7 1 . 3 3 2 2) C13-N3-C17 1 1 7 . 9 2
N2-C11 1 . 3 3 1 2) N1-C1-C2 1 2 3 . 7 3
N3-C13 1 . 3 3 3 2) N 1-C1-C18 1 1 6 . 3 2
N3-C17 1 . 3 4 2 2) C2-C1-C18 1 2 0 . 0 2
C1-C2 1 . 3 8 4 2) C1-C2-C3 1 1 8 . 5 2
C2-C3 1 . 3 6 9 2) C2-C3-C4 1 1 8 . 9 2
C3-C4 1 . 3 8 7 2) C3-C4-C5 1 1 8 . 4 2
C4-C5 1 . 3 7 8 2) N1-C5-C4 1 2 3 . 7 2
C5-C6 1 . 5 1 5 2) N1-C5-C6 1 1 7 . 3 2
C6-01 1 . 2 1 5 2) C4-C5-C6 1 1 8 . 9 2
C6-C7 1 . 5 0 0 2) 0 1 -C 6 -C 5 1 2 0 . 1 2
C7-C8 1 . 3 9 1 2) 0 1 -C 6 -C 7 1 2 1 . 6 2
C8-C9 1 . 3 7 4 3) C5-C6-C7 1 1 8 . 2 2
C9-C10 1 . 3 7 0 3) N2-C7-C6 1 1 5 . 9 2
C IO -Cl  1 1 . 3 8 8 2) N2-C7-C8 1 2 2 . 7 2
C11-C12 1 . 5 0 5 2) C6-C7-C8 1 2 1 . 4 2
C 1 2 -0 2 1 . 2 2 0 2) C7-C8-C9 1 1 8 . 1 2
C12-C13 1 . 5 1 3 2) C8-C9-C10 1 1 9 . 6 2
C13-C14 1 . 3 8 5 2) C9-C10-C11 1 1 9 . 0 2
C14-C15 1 . 3 7 6 3) N 2-C11-C10 1 2 2 . 0 2
Cl 5 - Cl 6 1 . 3 8 0 2) N 2-C11-C12 1 1 7 . 6 2
C17-C18 1 . 4 9 8 2) C 10-C11-C12 1 2 0 . 3 2
C18-C1 1 . 5 0 7 2) 0 2 -C 1 2 -C 1 1 1 2 0 . 1 2
C 1 8 -0 3 1 . 2 1 8 2) 0 2 -C 1 2 -C 1 3 1 1 8 . 8 2
C11-C 12-C 13 1 2 0 . 9 2
N3-C13-C12 1 1 8 . 3 2
N3-C13-C14 1 2 2 . 5 2
C 12-C 13-C 14 1 1 9 . 2 2
C 13-C 14-C 15 1 1 8 . 8 2
C 1 4 -C 15-C 16 1 1 9 . 5 3
C 15-C 16-C 17 1 1 8 . 0 2
N 3-C17-C16 1 2 3 . 2 2
N 3-C 17-C 18 1 1 5 . 5 2
C 1 6 -C 1 7 -C 1 8 1 2 1 . 3 2
0 3 -C 1 8 -C 1 1 2 0 . 4 2
0 3 - C18-C17 1 2 1 . 3 2
C1-C 18-C 17 1 1 8 . 3 2
Table A9. Crystal Data and Coordinates of Nonhydrogen Atoms
for 115
MW=315.3, monoclonic,  P 2 . / c ,  a=16.758(2) ,  6=3.8141(4) ,  
c=Zl.357(3)A, 0=91 .225(11)°,  Z=4, D*=l.534gcm , R=0.042 f o r  1541
observed da ta  with 1°<0<25°, MoKar.
Atom X y z 0 o r  Beq
01 0 .6 4 1 0 5 (1 0 )  0 .3 9 3 2 ( 6 ) 0 .2 7 0 0 1 (8 ) 5 . 2 6 ( 5 )
02 0 .6 3 0 5 8 ( 9 ) - 0 . 4 2 9 0 ( 5 ) - 0 .0 2 2 6 1 ( 0 ) 4 . 4 5 ( 4 )
03 0 .9 0 0 2 3 ( 9 ) 0 .2 9 9 9 (6 ) 0 .1 0 1 9 1 (0 ) 5 . 4 1 ( 5 )
N1 0 .7 9 6 2 ( 1 ) 0 .2 4 9 0 ( 6 ) 0 .1 7 0 0 9 (0 ) 2 . 8 3 ( 4 )
N2 0 .6 5 9 3 ( 1 ) - 0 . 0 0 0 1 ( 6 ) 0 .1 2 2 8 2 (0 ) 3 . 2 4 ( 5 )
N3 0 .7 9 3 7 (1 ) - 0 . 0 5 1 5 ( 6 ) 0 .0 5 6 5 7 (8 ) 2 . 7 9 ( 4 )
Cl 0.B72BC1) 0 .1 5 3 2 ( 7 ) 0 . 1 6 7 3 (1 ) 2 . 9 1 ( 5 )
C2 0 .9 1 5 5 (1 ) 0 .0 1 0 4 (0 ) 0 .2 1 7 3 (1 ) 3 . 4 2 ( 6 )
C3 0 . B776(1) - 0 . 0 3 6 3 ( 0 ) 0 . 2 7 2 8 (1 ) 3 . 7 9 ( 6 )
C4 0 . 7 9 ? 4 ( 1) 0 .0 4 8 9 ( 0 ) 0 . 2 7 6 2 (1 ) 3 . 6 5 ( 6 )
C5 0 .7 5 9 6 (  1) 0 .1 0 7 4 ( 7 ) 0 .2 2 3 9 (1 ) 2 . 9 2 ( 5 )
CS 0 .6 7 0 4 ( 1 ) 0 .2 5 1 1 ( 8 ) 0 .2 2 5 1 ( 1 ) 3 . 3 2 ( 6 )
C7 0 .6 1 9 8 (  1) 0 .1 1 6 1 ( 7 ) 0 . 1 7 1 5 (1 ) 2 . 8 9 ( 5 )
CB 0 . 5 3 7 0 ( n 0 .1 1 1 0 ( 8 ) 0 .1 7 4 3 ( 1 ) 3 . 4 3 ( 6 )
C9 0 . 494B(1) - 0 . 0 3 2 6 ( 8 ) 0 .1 2 4 7 ( 1 ) 3 . 6 9 ( 6 )
C10 0 .5 3 5 0 ( 1 ) - 0 . 1 5 9 9 ( 8 ) 0 .0 7 4 3 ( 1 ) 3 . 4 0 ( 6 )
C l l 0 . 6 177(1) - 0 . 1 3 9 6 ( 7 ) 0 .0 7 4 5 ( 1 )  1 2 . 0 3 ( 5 )
C12 0.6632(1) -0.2512(7) 0.0179(1) 3 .02(5)
C13 0.7466(1) -0.1150(7) 0.0069(1) 2 .81(5)
C14 0.7697(1) -0.0466(8) -0.0530(1) 3.66(6)
C15 0.0441(1) 0.0935(0) -0.0631(1) 3 .06(6)
C16 0.0925(1) 0.1749(7) -0.0121(1) 3 .40(6)
Table A9. (Cont 'd )
Atom X y z B o r  B*q
C17 0 .8644(1 ) 0 . 1 0 2 7 ( 7 ) 0 . 0 4 6 9 ( 1 ) 2 . 8 1 ( 5 )
CIS 0 .9 1 1 7 (1 ) 0 . 1 9 6 3 ( 7 ) 0 .1 0 4 8 ( 1 ) 3 .2 5 ( 6 )
H2 0 .9 7 4 ( 1 ) - 0 . 0 4 4 ( 6 ) 0 . 2 0 7 8 ( 9 ) 4 . 1 ( 5 )
H3 0 .9 0 1 ( 1 ) - 0 . 1 2 6 ( 7 ) 0 .3 0 9 9 ( 1 0 ) 4 . 6 ( 6 )
H4 0 .7 6 7 (1 ) 0 . 0 1 4 ( 6 ) 0 . 3 1 1 5 ( 8 ) 2 . 7 ( 5 )
•
CDX 0 .5 1 4 (1 ) 0 . 1 9 4 ( 6 ) 0 .2 1 0 6 ( 8 ) 3 . 2 ( 5 )
H9 0 .4 3 2 (1 ) - 0 . 0 3 8 ( 7 ) 0 .1 2 7 9 ( 1 1 ) 6 . 0 ( 7 )
HIS 0 .5 1 0 ( 1 ) - 0 . 2 4 7 ( 6 ) 0 . 0 3 7 9 ( 9 ) 3 . 3 ( 5 )
H14 0 .7 3 0 (1 ) - 0 . 0 9 7 ( 7 ) - 0 . 0 8 9 4 ( 1 0 ) 4 . 7 ( 6 )
H15 0 . 8 6 2 (1 ) 0 . 1 5 2 ( 6 ) - 0 . 1 0 9 3 ( 9 ) 3 . 9 ( 5 )
H16 0 . 9 4 4 ( 1) 0 . 2 8 1 ( 6 ) - 0 . 0 1 6 7 ( 9 ) 3 . 5 ( 5 )
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Table A10. Bond Distances (A) for 120
Bonds Conformer 1 Conformer_2
01 - Cl 1 . 2 2 0 4) 1 . 2 2 5 5)
02 -C 7 1 . 3 9 0 4) 1 . 4 1 7 4)
0 2 - C 1 9 1 . 4 0 8 6) 1 . 4 4 7 5)
0 3 -C 7 1 . 4 3 4 4) 1 . 4 1 9 4)
0 3 -C 2 0 1 . 4 2 8 5) 1 . 4 0 3 5)
0 4 - C 1 3 1 . 4 1 8 4) 1 . 4 2 9 4)
0 4 -C 2 1 1 . 4 1 7 5) 1 . 4 2 6 5)
05 - Cl 3 1 . 4 1 8 3) 1 . 4 1 9 4)
0 5 -C 2 2 1 . 4 3 4 4) 1 . 4 2 8 5)
N1-C2 1 . 3 4 4 4) 1 . 3 4 1 4)
N1-C6 1 . 3 3 5 4) 1 . 3 3 3 4)
N2-C8 1 . 3 3 3 4) 1 . 3 3 9 4)
N2-C12 1 . 3 3 6 4) 1 . 3 3 4 4 )
N3-C14 1 . 3 3 6 4) 1 . 3 4 3 4)
N3-C18 1 . 3 3 1 4) 1 . 3 2 9 5)
C1-C2 1 . 5 0 7 5) 1 . 4 9 3 5)
C1-C18 1 . 5 0 6 5) 1 . 4 9 3 5)
C2-C3 1 . 3 8 5 4) 1 . 3 8 8 4)
C3-C4 1 . 3 6 1 5) 1 . 3 5 9 5)
C4-C5 1 . 3 9 2 5) 1 . 3 8 1 5)
C5-C6 1 . 3 8 0 4) 1 . 3 8 4 4)
C6-C7 1 . 5 2 1 4) 1 . 5 2 2 4)
C7-C8 1 . 5 1 4 4) 1 . 5 3 3 5)
C8-C9 1 . 3 9 2 4) 1 . 3 9 5 5)
C9-C10 1 . 3 6 8 5) 1 . 3 7 4 5)
C IO -C l  1 1 . 3 7 9 5) 1 . 3 7 1 6)
Cl 1 - Cl 2 1 . 3 9 2 4) 1 . 3 8 8 5)
Cl 2 - Cl 3 1 . 5 1 5 4) 1 . 5 2 6 5)
C13-C14 1 . 5 3 8 4) 1 . 5 2 3 5)
C14-C15 1 . 3 8 1 4) 1 . 3 9 1 5)
C15-C16 1 . 3 9 0 6) 1 . 3 8 3 7)
C16-C17 1 . 3 7 9 6) 1 . 3 7 8 6)
Cl 7 - Cl 8 1 . 3 8 5 4) 1 . 3 8 9 5)
C19-C20 1 . 5 3 2 8) 1 . 4 9 0 7)
C21-C22 1 . 5 1 1 5) 1 . 4 9 6 6)
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Table A ll.
Angles
C 7 - 0 2 - C 1 9
C 7 -0 3 -C 2 0
C 1 3 - 0 4 - C 2 1
C 1 3 - 0 5 - C 2 2
C2-N1-C6
C8-N2-C12
C 14-N 3-C 18
0 1 -C 1 -C 2
0 1 - C 1 - C 1 8  
C 2-C 1-C 18  
N1-C2-C1 
N1-C2-C3 
C1-C2-C3 
C2-C3-C4 
C3-C4-C5 
C4-C5-C6 
N1-C6-C5 
N 1-C6-C7 
C5-C6-C7
0 2 - C 7 - 0 3  
0 2 -C 7 -C 6
0 2 - C 7 - C 8
0 3 - C 7 - C 6  
0 3 - C 7 - C 8  
C6-C7-C8 
N 2-C8-C7 
N2-C8-C9 
C7-C8-C9 
C 8-C 9-C 10  
C 9-C 10-C 11  
C 1 0 -C 11-C 12  
N 2-C12-C11  
N 2-C 12-C 13
Bond Angles (°) for 120
Conformer 1 Conformer 2
111.0 3) 1 0 4 . 0 3
1 0 5 . 1 3) 1 0 8 . 1 3
1 0 8 . 0 2) 1 0 7 . 7 3
1 0 5 . 1 2) 1 0 7 . 1 3
1 1 7 . 3 2) 1 1 7 . 7 3
1 1 8 . 5 2) 1 1 8 . 2 3
1 1 8 . 6 2) 1 1 8 . 1 3
1 2 1 . 8 3) 1 2 0 . 4 3
1 2 1 . 8 3) 1 2 1 . 5 3
1 1 6 . 0 3) 1 1 8 . 0 3
1 1 5 . 4 3) 1 1 5 . 7 3
1 2 3 . 0 3) 1 2 2 . 9 3
1 2 1 . 4 3) 1 2 1 . 4 3
1 1 9 . 0 3) 1 1 8 . 4 3
1 1 8 . 6 3) 1 1 9 . 8 3
1 1 8 . 9 3) 1 1 8 . 4 3
1 2 2 . 9 3) 1 2 2 . 7 3
1 1 4 . 8 2) 1 1 4 . 3 3
1 2 2 . 3 3) 1 2 2 . 4 3
1 0 4 . 9 3) 1 0 6 . 4 2
1 1 1 . 4 2) 1 1 0 . 9 3
1 0 9 . 7 3) 1 1 2 . 5 2
1 0 9 . 8 3) 1 0 9 . 3 2
1 0 6 . 7 2) 1 1 0 . 8 3
1 1 3 . 9 2) 1 0 7 . 0 2
1 1 6 . 9 3) 1 1 4 . 5 3
1 2 2 . 5 3) 1 2 2 . 5 3
1 2 0 . 6 3) 1 2 2 . 4 3
1 1 8 . 4 3) 1 1 8 . 1 3
1 1 9 . 8 3) 1 1 9 . 8 4
1 1 8 . 3 3) 1 1 8 . 7 3
1 2 2 . 2 3) 1 2 2 . 4 3
1 1 5 . 2 2) 1 1 5 . 1 3
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Table A l l .  (Cont 'd )
Anales Conformer 1 Conformer
C 1 1 -C 12-C 13 1 2 2 . 3 3) 1 2 2 . 4 ( 3
0 4 - C 1 3 - 0 5 1 0 6 . 1 2) 1 0 6 . 6 ( 3
0 4 - C 1 3 - 0 5 1 1 0 . 6 2) 1 0 9 . 1 ( 3
0 4 - C 1 3 - C 1 4 1 1 0 . 3 2) 1 0 8 . 8 ( 3
0 5 - C 1 3 - C 1 2 1 0 9 . 6 2) 1 0 9 . 5 ( 3
0 5 - C 1 3 - C 1 4 1 1 0 . 9 2) 1 0 9 . 4 ( 3
C 1 2 -C 13-C 14 1 0 9 . 3 2) 1 1 3 . 2 ( 3
N 3-C14-C13 1 1 5 . 0 2) 1 1 6 . 0 ( 3
N 3-C 14-C 15 1 2 2 . 1 3) 1 2 2 . 6 ( 3
C 1 3 -C 1 4 -C 1 5 1 2 2 . 7 3) 1 2 1 . 4 ( 3
C 1 4 -C 15-C 16 1 1 8 . 6 3) 1 1 7 . 6 ( 3
C 15-C 16-C 17 1 1 9 . 5 3) 1 2 0 . 5 ( 4
C 1 6 -C 1 7 -C 1 8 1 1 7 . 7 3) 1 1 7 . 4 ( 4
N3-C18-C1 1 1 5 . 5 3) 1 1 5 . 7 ( 3
N 3-C 18-C 17 1 2 3 . 3 3) 1 2 3 . 4 ( 3
C 1-C 18-C 17 1 2 1 . 3 3) 1 2 0 . 8 ( 3
0 2 - C 1 9 - C 2 0 1 0 3 . 5 3) 1 0 6 . 0 ( 3
0 3 - C 2 0 - C 1 9 1 0 3 . 5 4) 1 0 5 . 3 ( 4
0 4 - C 2 1 - C 2 2 1 0 5 . 7 3) 1 0 2 . 1 ( 3
0 5 - C 2 2 - C 2 1 1 0 2 . 6 ( 3 ) 1 0 2 . 6 ( 3 )
Table A12. Crystal Data and Coordinates of Nonhydrogen Atoms
for 120 (Conformer 1)
C „ H 17N,0c , MW=403.4, t r i c l i n i c  group PI, a=10 
b = i l : z 0 9 ( 3 ) , c=16.2 33(2 )A, <*=81,939(16), )3=89. 
7=88.536(15)° ,  Z=4, D =1 .441cm , R=0.066 fo r  
r e f l e c t i o n s  (2°<0<75°, CuKa, 542 v a r i a b l e s )
Ac O B X y z Beq
o : 0 . 1 136 ' 3 ) 0 . 1 4 1 7 ( 4 ) 0 . 4 7 3 0 1 2 ) 1 0 . 2 ( 1 )
cz 0 . 5 3 7 9 ' 3 ) 0 . 3 6 2 4 1 3 ) 0 . 1 4 4 3 : 2 ) 6 . 3 3
03 0 . 5 0 4 3 : 3 ) 0 . 1 6 4 9 ( 2 ) 0 . 1 7 7 8 ( 2 ) 6 . 0 4 ( 6 )
04 0 . 7 6 5 2 ( 2 ) 0 . 2 8 6 1 ( 2 ) 0 . 5 4 2 2 ( 1 ) 4 . 6 2 ( 5 )
05 0 . 6 1 6 3 ) 2 ) 0 . 4 2 4 7 ( 2 ) 0 . 4 8 6 2 1 1 ) 3 . 3 4 ( 4 )
n : 0 . 3 5 2 2 ! 2 ) 0 . 2 2 6 9 ( 2 ) 0 . 3 2 1 1 ( 2 ) 3 . 4 3 ( 5 )
N2 0 . 6 0 3 3 ( 2 ) 0 . 2 9 9 5 ( 2 ) 0 . 3 4 5 0 ( 2 ) 3 . 2 6 ( 5 )
S3 0 . 4 3 7 1 ( 2 ) 0 . 2 3 4 7 ( 2 ) 0 . 4 8 1 1 ( 2 ) 3 . 3 4 ( 5 )
Cl 0 . 2 2 5 2 ( 3 ) 0 . 1 7 5 4 ( 3 ) 0 . 4 4 6 5 ( 2 ) 4 . 5 7 ( 7 )
C2 0 . 2 4 3 5 ( 3 ) 0 . 2 5 1 1 ( 3 ) 0 . 3 6 2 9 ( 2 ) 3 . 8 6 ( 6 )
C3 0 . 1 5 7 3 ( 3 ) 0 . 3 4 3 9 ( 3 ) 0 . 3 3 4 7 ( 2 ) 4 . 6 6 ( 7 )
C* 0 . 1 8 6 7 ( 3 ) 0 . 4 1 9 0 ( 3 ) 0 . 2 6 3 8 ( 2 ) 5 . 1 3 ( 8 )
C5 0 . 3 0 2 6 1 3 ) 0 . 3 9 9 3 ( 3 ) 0 . 2 2 2 2 ( 2 ) 4 . 3 5 ( 7 )
C6 0 . 3 8 1 4 ( 3 ) 0 . 3 0 2 4 1 3 ) 0 . 2 5 2 6 ( 2 ) 3 . 4 8 ( 6 )
C7 0 . 5 1 0 7 ( 3 ) 0 . 2 7 5 8 ( 3 ) 0 . 2 1 2 0 ( 2 ) 3 . 7 8 ( 6 )
C0 0 . 6 2 3 5 ( 3 ) 0 . 2 6 2 6 ( 3 ) 0 . 2 7 1 2 ( 2 ) 3 . 4 4 ( 6 )
C9 0 . 7 4 0 9 ( 3 ) 0 . 2 1 1 2 ( 3 ) 0 . 2 4 9 1 ( 2 ) 4 . 2 9 ( 7 )
CIO 0 . 8 3 8 8 ( 3 ) 0 . 1 9 8 3 ( 3 ) 0 . 3 0 5 7 ( 2 ) 4 . 6 6 ( 8 )
C l l 0 . 8 1 7 1 ( 3 ) 0 . 2 2 9 4 ( 3 ) 0 . 3 8 4 1 ( 2 ) * . 2 2 ( 7)
C12 0 . 6 9 6 5 ( 3 ) 0 . 2 7 9 1 ( 3 ) 0 . 4 0 1 7 ( 2 ) 3 . 3 3 ( 6 )
C13 0 . 6 5 7 4 ( 3 ) 0 . 3 0 2 6 ( 3 1 0 . 4 8 8 5 ( 2 ) 3 . 3 3 ( 6 )
C l * 0 . 5 4 8 7 ( 3 ) 0 . 2 1 7 0 1 3 ) 0 . 5 2 2 1 ( 2 ) 3 . 3 9 ( 6 )
C15 0 . 5 6 7 4 ( 4 ) 0 . 1 2 3 1 ( 3 ) 0 . 5 8 5 8 ( 2 ) 4 . 7 1 ( 8 )
C16 0 . 4 6 6 0 ( 4 ) 0 . 0 4 5 4 1 3 ) 0 . 6 0 8 3 ( 2 ) 5 . 9 ( 1 )
C17 0 . 3 5 2 1 ( 4 ) 0 . 0 6 0 8 1 3 ) 0 . 5 6 4 6 ( 2 ) 5 . 2 8 ( 9 )
cie 0 . 3 4 3 2 ( 3 ) 0 . 1 5 6 0 ( 3 ) 0 . 5 0 0 4 ( 2 ) 3 . 8 9 ( 7 )
C19 0 . 5 0 0 6 ( 5 ) 0 . 3 2 4 3 ( 5 ) 0 . 0 6 9 3 ( 3 ) 8 . 6 ( 1 )
C20 0 . 4 5 0 8 ( 5 ) 0 . 1 9 7 1 ( 5 ) 0 . 0 9 7 1 1 3 ) 8 . 2 ( 1 )
C21 0 . 7 5 9 6 ( 3 ) 0 . 3 7 8 6 ( 3 ) 0 . 5 9 3 5 ( 2 ) 5 . 0 6 ( 8 )
C22 0 . 6 3 8 8 ( 3 ) 0 . 4 5 2 7 ( 3 ) 0 . 5 6 8 2 ( 2 ) 4 . 1 1 ( 7 )
.3233(12) ,
056(10) ,
5690 observed
Table A13. Crystal Data and Coordinates of Nonhydrogen Atoms
for 120 (Conformer 2)
C „ H 17N,0,., MW=403.4 ,  t r i c l i n i c  group PI ,  a=10.3233(12),  
6=11:^09(3) ,  c=16.233(2)A, a=81.939(16) ,  >9=89.056(10), 
7=88.536(15)° ,  Z=4, D =1.441gcm’ , R=0.066 f o r  5690 observed 
r e f l e c t i o n s  (2°<0<75°, CuKa, 542 v a r i a b l e s )
Atom X y z Beq
0 1 ' 1.  11691 3.) 0 . 2 4 0 9 ( 3 ) 1 . 1 1 6 1 ( 2 ) 7 . 9 5 ( 8
0 2 ' 0 . 6 4 6 9 : 2i 0 . 3 1 2 0 ( 2 ) 0 . 8 8 2 9 ( 2 ) 4 . 8 2 ' 5
03 ' 0 . 5 9 2 3 ( 2 ) 0 . 1 2 0 8 1 2 ) 0 . 8 8 1 6 ( 2 ) 6 . 0 1 ( 6 )
0 4 ' 1 . 0 6 6 7 { 2 ) 0 . 4 2 0 1 ( 2 ) 0 . 6 8 7 3 ( 2 ) 5 . 5 0 ( 6 )
0 5 ' 1 . 2 1 1 3 ( 2 ) 0 . 2 6 5 9 ( 2 ) 0 . 7 2 6 7 ( 2 ) 5 . 5 2 ( 6 )
N l ' 0 . B 6 4 B I 2) 0 . 2 1 6 1 ( 2 ) 0 . 9 7 9 5 ( 2 ) 3 . B 3 ( 5 1
N2 ‘ 0 . BB4 0 ( 2 ) 0 . 2 5 4 1 ( 2 ) 0 . 8 0 3 1 ( 2 ) 3 . 6 4 1 5)
K3 ’ 1 . 0 9 1 8 1 2 ) 0 . 2 9 2 1 ( 2 ) 0 . 9 0 2 0 ( 2 ) 3 . 8 8 ! 6 )
C l ' 1 . 0 6 1 5 1 3 ' 0 . 2 4 7 4 ( 3 ) 1 . 0 4 9 3 ( 2 ) 5 . 0 3 ' 3 )
C2 ’ 0 . 9 4 5 6 ( 3 ) 0 . 1 7 3 3 ( 3 ) 1 . 0 4 1 0 ( 2 ) 3 . 9 0 ( 7 )
C3 * 0 . 9 2 6 9 ( 3 ) 0 . 0 6 4 6 ( 3 ) 1 . 0 9 2 2 1  2>- 4 . 6 1 ( 7 )
C4 ‘ 0 . 6 2 1 2 ( 4 ) 0 . 0 0 0 2 ( 3 ) 1 . 0 7 9 6 ( 2 ) 4 . 9 3 ( 8 )
C5 ' 0 . 7 3 9 3 ( 3 ) 0 . 0 4 0 1 1 3 ) 1 . 0 1 4 6 ( 2 ) 4 . 5 3 ( 8 )
C6 ' 0 . 7 6 5 3 1 3 ) 0 . 1 4 8 4 ( 3 ) 0 . 9 6 5 7 ( 2 ) 3 . 7 6 ( 6 )
C7 ' 0 . 6 9 3 9 ( 3 ) 0 . 1 9 1 1 ( 3 ) 0 . 8 8 5 2 ( 2 ) 4 . 2 1 ( 7 )
CB ' 0 . 7 e B 2 l 3 ) 0 . 1 7 4 9 ( 3 ) 0 . 8 1 3 4 ( 2 1 4 . 0 1 1 7 )
C9 ' 0 . 7 8 5 2 ( 3 ) 0 . 0 7 5 5 ( 3 ) 0 . 7 7 0 6 ( 2 ) 5 . 0 5 ( 8 )
CIO' 0 . 6 8 5 2 ( 4 1 0 . 0 5 9 2 ( 3 ) 0 . 7 1 6 0 1 3 ) 5 . 7 6 ( 9 )
c : i  ■ 0 . 9 3 7 9 : 4 ) 0 . 1 3 5 4 ( 3 : 0 . 7 0 9 2 ! 2 ) 5 . 2 5 ( 9  /
Cl  2 ' 0 . 9 8 4 8 1 3 ) 0 . 2 3 1 4 ( 3 ) 0 . 7 5 4 7 ( 2 ) 3 . 8 7 ( 7 )
C 1 3 ' 1 . 0 9 4 1 ! 3 ) 0 . 3 2 1 2 ( 3 ) 0 . 7 5 0 6 ( 2 ) 4 . 2 8 1 7 )
C 1 4 ' 1 . 1 1 3 6 ( 3 ) 0 . 3 6 9 7 ( 3 ) 0 . 8 3 2 5 ( 2 ) 4 . 19(  7)
C 1 5 ' 1 . 1 5 4 7 ( 4 ) 0 . 4 8 6 5 1 3 ) 0 . 8 3 4 2 1 3 ) 5 . 6 9 ( 9 /
C 1 6 ' 1 . 1 7 6 5 ( 4 1 0 . 5 2 1 3 ( 4 ) 0 . 9 1 1 2 ( 3 ) 6 . 7 ( 1 )
C17- 1 . 1 5 0 2 ( 3 ) 0 . 4 4 4 5 ( 3 ) 0 . 9 8 3 2 ( 3 ) 5 .  7 2 ( 9 /
C I S ' 1 . 1 0 5 0 ( 3 ) 0 . 3 3 1 2 ( 3 ) 0 . 9 7 4 9 ( 2 ) 4 . 5 1 ( 7 )
C 1 9 ' 0 . 5 3 4 8 ( 4 ) 0 . 3 1 9 2 ( 5 ) 0 . 8 3 1 7 ( 3 ) 7 . 3 ( 1 )
C 2 0 ' 0 . 4 6 6 2 ( 4 ) 0 . 1 9 4 1 ( 5 ) 0 .8385(4 ) 9 . 3 ( 1 )
C21- 1 .1537(4) 0.4103(4) 0 .6192(3 ) 6 . 5 ( 1 )
C22' 1 .2691(4) 0.3477(4) 0 .6619(3 ) 6 .6 (1 )
A n lx o tro p lca l ly  re f in ed  a to a i  are g iven  I n  the  fora  of the 
equ iva len t  le o tr o p lc  thermal parameter def in ed  ae:
(4 /3 )  * Ca2*B(1 ,1) *■ b2»B(2 ,2 )  * c2*B(3,3> ♦ mb( oe gaama)*B( 1.2)  
* act coe beta)*B<1 ,3 )  ♦ bc(coe  a lpke)*B (2 ,3 )3
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Table A14. Important Torsion Angles (°) for 120
Conformer 1 Conformer 2
C 6 -N 1 -C 2 -C 1  - 1 7 0 . 9 ( 3 )  1 7 5 . 0 ( 3 )
C 2 -N 1 -C 6 -C 7  1 7 5 . 4 ( 3 )  - 1 6 8 . 8 ( 3 )
C 1 2 -N 2 -C 8 -C 7  1 7 4 . 0 ( 3 )  1 6 5 . 9 ( 3 )
C 8 - N 2 - C 1 2 - C 1 3  - 1 6 9 . 3 ( 3 )  - 1 7 6 . 0 ( 3 )
C 1 8 - N 3 - C 1 4 - C 1 3  1 7 2 . 6 ( 3 )  - 1 7 8 . 6 ( 3 )
C 1 4 -N 3 -C 1 8 -C 1  - 1 7 4 . 7 ( 3 )  1 7 1 . 6 ( 3 )
0 1 - C 1 - C 2 - N 1  - 1 4 3 . 1 ( 4 )  1 5 6 . 0 ( 4 )
C 1 8 - C 1 - C 2 - N 1  4 3 . 7 ( 4 )  - 2 2 . 3 (  5.)
0 1 - C 1 - C 1 8 - N 3  - 1 5 3 . 6 ( 4 )  1 4 5 . 7 ( 4 )
C 2 - C 1 - C 1 8 - N 3  1 9 . 7 ( 5 )  - 3 6 . 0 ( 4 )
N 1 - C 6 - C 7 - 0 2  - 1 7 6 . 2 ( 3 )  - 5 6 . 7 ( 4 )
N 1 - C 6 - C 7 - 0 3  6 8 . 1 ( 4 )  - 1 7 3 . 6 ( 3 )
N 1 - C 6 - C 7 - C 8  - 5 1 . 6 ( 4 )  6 6 . 3 ( 3 )
0 2 - C 7 - C 8 - N 2  1 1 2 . 1 ( 3 )  4 9 . 4 ( 4 )
0 3 - C 7 - C 8 - N 2  - 1 3 4 . 8 ( 3 )  1 6 8 . 3 ( 3 )
C 6 -C 7 -C 8 -N 2  - 1 3 . 5 ( 4 )  - 7 2 . 6 ( 3 )
N 2 - C 1 2 - C 1 3 - 0 4  - 1 7 6 . 1 ( 3 )  - 8 6 . 5 ( 4 )
N 2 - C 1 2 - C 1 3 - 0 5  - 5 9 . 5 ( 3 )  1 5 7 . 2 ( 3 )
N 2 - C 1 2 - C 1 3 - C 1 4  6 2 . 3 ( 3 )  3 4 . 8 ( 4 )
0 4 - C 1 3 - C 1 4 - N 3  1 7 2 . 8 ( 3 )  1 5 5 . 9 ( 3 )
0 5 - C 1 3 - C 1 4 - N 3  5 5 . 6 ( 3 )  - 8 8 . 0 ( 3 )
C 1 2 - C 1 3 - C 1 4 - N 3  - 6 5 . 4 ( 3 )  3 4 . 4 ( 4 )
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Table A15. Bond Distances (A) and Angles (° )  for 119
Rnnds A Anales
0
0 1 - C6 1 2 2 6 ( 8 ) Cl 2 - 03 - C19 106 6 4
0 2 - Cl 8 1 . 2 1 9 ( 8 ) Cl 2 - 04 - C20 104 8 4
0 3 - Cl 2 1 . 4 1 4 ( 6 ) C1-N1-C5 117 2 4
0 3 - Cl 9 1 . 4 2 4 ( 8 ) C7-N2-C11 117 7 5
0 4 - Cl 2 1 . 3 9 8 ( 6 ) C13-N3-C17 117 8 5
0 4 - C20 1 . 4 0 9 ( 7 ) N1-C1-C2 122 0 7
N1 - Cl 1 . 3 3 8 ( 7 ) N1-C1-C18 116 2 5
N l - C5 1 3 3 7 ( 7 ) C2-C1-C18 121 .8 6
N2- C7 1 3 5 2 ( 8 ) C1-C2-C3 120 2 8
N2- C l l 1 3 3 6 ( 6 ) C2-C3-C4 118 0 6
N3- Cl 3 1 3 3 7 ( 7 ) C3-C4-C5 118 9 8
N3- Cl 7 1 . 3 4 1 ( 8 ) N1-C5-C4 123 6 7
C l - C2 1 . 3 8 8 ( 9 ) N1-C5-C6 115 1 5
C l - C18 1 5 1 1 ( 9 ) C4-C5-C6 121 3 7
C2 - C3 1 . 3 7 ( 1 ) 0 1 -C 6 -C 5 120 0 7
C3 - C4 1 3 8 ( 1 ) 0 1 -C 6 -C 7 121 7 7
C4 - C5 1 . 3 7 8 ( 9 ) C5-C6-C7 118 3 5
C5- C6 1 5 1 0 ( 9 ) N2-C7-C6 116 9 6
C6- C7 1 . 4 7 5 ( 9 ) N 2-C7-C8 122 2 6
C 7- C8 1 . 3 8 ( 1 ) C6-C7-C8 120 8 7
C8- C9 1 . 3 5 ( 1 ) C7-C8-C9 118 7 8
C9 - CIO 1 , 3 8 ( 1 ) C8-C9-C10 121 0 7
CIO - C l l 1 3 9 6 ( 8 ) C9-C10-C11 116 9 7
C l l - Cl 2 1 5 5 7 ( 8 ) N2- Cl 1 - CIO 123 1 6
C12 - Cl 3 1 5 1 7 ( 9 ) N 2 - C U - C 1 2 114 9 5
C13 -C14 1 , 3 9 8 ( 8 ) C I O - C l 1 -  Cl 2 121 6 5
C14 - Cl 5 1 . 3 8 ( 1 ) 0 3 - C 1 2 - 0 4 107 8 4
Cl 5 -C16 1 . 3 7 ( 1 ) 0 3 -C 1 2 -C 1 1 109 2 5
C16 - Cl 7 1 3 9 ( 1 ) 0 3 - C 1 2 - C 1 3 110 8 5
Cl 7 -C 18 1 . 4 7 9 ( 9 ) 0 4 - C 1 2 - C 1 1 111 0 5
Cl 9 -C20 1 . 4 8 0 ( 9 ) 0 4 - C 1 2 - C 1 3 110 5 5
C 1 1 -C 1 2 -C 1 3 107. 4 4
N 3-C 13-C 12 114 3 5
N 3-C 13-C 14 123 3 6
C 12-C 13-C 14 122 9 6
C 1 3 -C 14-C 15 117 5 7
C 1 4 -C 1 5 -C 1 6 119 9 7
C15-C 16-C 17 119 1 7
N 3-C 17-C 16 122 3 7
N 3-C 17-C 18 115. 8 5
C 1 6 -C 1 7 -C 1 8 121 9 7
0 2 - C 1 8 - C 1 118. 8 7
0 2 - C 1 8 - C 1 7 121 6 7
C 1 -C 18-C 17 119. 6 5
0 3 - C19-C20 105. 3 5
0 4 - C 2 0 - C 1 9 106. 3 6
Table A16. Crystal Data and Coordinates of Nonhydrogen Atoms
for 119
ConHioN-O-, MW=359.3, o r th o rh o b ic  space group PqaZ,, a=6.8766(15),  
b=I5;5581(9 ) ,  c=15.5474(16)A, Z=4, D =1.435gcm , R=0.042 f o r  1413 
observed r e f l e c t i o n s  (2<,<0<75°, CuKa, 280 v a r i a b l e s )
Atom X y z Beq
01 0 . 7 0 7 8 ( 7 ) 0 . 1 7 7 9 ( 2 ) 0 9 . 7 ( 1 )
02 0 . 6 1 5 0 ( 6 ) 0 . 1 1 9 0 ( 3 ) 0 . 4 3 5 9 ( 2 ) 9 . 3 ( 1 )
03 1 . 2 2 9 3 ( 4 ) - 0 . 1 5 6 5 ( 1 ) 0 . 2 0 1 7 ( 2 ) 6 . 0 4 ( 7 )
04 1 . 3 0 2 4 ( 4 ) - 0 . 0 1 5 9 ( 1 ) 0 . 2 2 4 1 ( 2 ) 4 . 8 3 ( 6 )
N1 0 . 7 2 3 3 ( 4 ) 0 . 1 2 7 5 ( 2 ) 0 . 2 1 7 8 ( 2 ) 4 . 2 7 ( 6 )
N2 0 . 9 7 5 0 ( 5 ) 0 . 0 3 2 0 ( 2 ) 0 . 1 2 4 2 ( 2 ) 4 . 3 9 ( 7 )
N3 0 . 9 3 3 8 ( 5 ) 0 . 0 0 6 9 ( 2 ) 0 . 3 0 2 5 ( 2 ) 4 . 4 8 ( 7 )
C l 0 . 7 0 9 3 ( 6 ) 0 . 1 6 1 4 ( 3 ) 0 . 2 9 6 6 ( 3 ) 4 . 9 7 ( 9 )
C2 0 . 7 0 0 2 ( 7 ) 0 . 2 4 9 5 ( 3 ) 0 . 3 1 0 0 ( 3 ) 6 . 7 ( 1 )
C3 0 . 7 1 0 4 ( 7 ) 0 . 3 0 4 8 ( 2 ) 0 . 2 4 1 8 ( 4 ) 7 . 6 ( 1 )
C4 0 . 7 3 2 9 ( 6 ) 0 . 2 7 0 3 ( 2 ) 0 . 1 6 0 9 ( 4 ) 6 . 4 ( 1 )
C5 0 . 7 3 9 4 ( 6 ) 0 . 1 8 2 3 ( 2 ) 0 . 1 5 1 9 ( 3 ) 4 . 9 2 ( 9 )
C6 0 . 7 6 4 5 ( 7 ) 0 . 1 4 0 8 ( 3 ) 0 . 0 6 4 8 ( 3 ) 6 . 0 ( 1 )
C7 0 . 8 4 9 2 ( 6 ) 0 . 0 5 3 7 ( 3 ) 0 . 0 6 1 0 ( 3 ) 5 . 1 3 ( 9 )
C8 0 . 7 9 2 5 ( 7 ) - 0 . 0 0 3 8 ( 3 ) - 0 . 0 0 2 1 ( 3 ) 6 . 8 ( 1 )
C9 0 . 8 5 3 6 ( 9 ) - 0 . 0 8 6 1 ( 4 ) 0 . 0 0 3 5 ( 4 ) 8 . 1 ( 1 )
CIO 0 . 9 7 1 1 ( 8 ) - 0 . 1 1 2 9 ( 3 ) 0 . 0 7 0 7 ( 3 ) 6 . 4 ( 1 )
C l l 1 . 0 3 1 2 ( 6 ) - 0 . 0 5 0 1 ( 2 ) 0 . 1 2 9 1 ( 3 ) 4 . 4 6 ( 8 )
C12 1 . 1 4 9 0 ( 6 ) - 0 . 0 7 3 5 ( 2 ) 0 . 2 1 1 4 ( 3 ) 4 . 6 2 ( 8 )
C13 1 . 0 0 9 3 ( 6 ) - 0 . 0 7 0 7 ( 2 ) 0 . 2 8 6 8 ( 3 ) 4 . 5 6 ( 8 )
Table A16. (Cont'd)
Atom x  y  z Beq
C14 0 . 9 5 2 9 ( 8 ) - 0 . 1 4 4 8 ( 3 ) 0 . 3 3 1 1 ( 3 ) 6 . 2 ( 1
C15 0 . 8 1 1 8 ( 8 ) - 0 . 1 3 6 3 ( 3 ) 0 . 3 9 3 6 ( 3 ) 7 . 4 ( 1
C16 0 . 7 3 0 0 ( 8 ) - 0 . 0 5 7 7 ( 3 ) 0 . 4 0 8 9 ( 3 ) 7 . 1 ( 1
C17 0 . 7 9 1 6 ( 7 ) 0 . 0 1 2 7 ( 3 ) 0 . 3 6 1 2 ( 3 ) 5 . 3 ( 1
C1B 0 . 7 0 0 1 ( 7 ) 0 . 0 9 8 2 ( 3 ) 0 . 3 7 0 4 ( 3 ) 5 . 9 ( 1
C19 1 . 4 2 5 2 ( 8 ) - 0 . 1 4 5 0 ( 3 ) 0 . 1 7 4 3 ( 4 ) 7 . 7 ( 1
C20 1 . 4 5 9 2 ( 7 ) - 0 . 0 5 1 1 ( 3 ) 0 . 1 7 7 7 ( 4 ) 7 . 3 ( 1
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Table A17. Important Torsion Angles (°) for 119
C 5 -N 1 -C 1 -C 1 8 - 1 7 7 . 4 ( 4 )
C 1 -N 1 -C 5 -C 6 1 7 7 . 2 ( 4 )
C 1 1 -N 2 -C 7 -C 6 1 7 0 . 5 ( 4 )
C 7 -N 2 -C 1 1 -C 1 2 - 1 7 0 . 7 ( 4 )
C 1 7 -N 3 -C 1 3 -C 1 2 1 7 2 . 1 ( 4 )
C 1 3 - N 3 - C 1 7 - C 1 8 - 1 7 4 . 4 ( 4 )
N 1 - C 1 - C 1 8 - 0 2 - 1 5 1 . 7 ( 5 )
N l - C l - C18-C17 2 7 . 5 ( 6 )
N 1 - C 5 - C 6 - 0 1 1 5 1 . 9 ( 5 )
N 1 -C 5 -C 6 -C 7 - 2 5 . 1 ( 6 )
0 1 - C 6 - C 7 - N 2 1 5 4 . 0 ( 5 )
C 5 -C 6 -C 7 -N 2 - 2 9 . 1 ( 6 )
N 2 - C 1 1 - C 1 2 - 0 3 - 1 6 9 . 4 ( 3 )
N2 - Cl 1 - Cl 2 - 04 - 5 0 . 7 ( 5 )
N 2 - C 1 1 - C 1 2 - C 1 3 7 0 . 3 ( 4 )
0 3 - C12- C13-N3 1 7 7 . 2 ( 4 )
0 4 - C12-C13-N 3 5 7 . 7 ( 5 )
C 1 1 -C 1 2 -C 1 3 -N 3 - 6 3 . 6 ( 5 )
N 3 - C 1 7 - C 1 8 - 0 2 - 1 5 7 . 6 ( 5 )
N 3 -C 1 7 -C 1 8 -C 1 2 3 . 2 ( 6 )
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Table A18. Bond Distances (A) for 150
Bonds Conformer 1 Conformer
01-C7 1.215(5) 1.229(5)
02-C13 1.220(5) 1.219(5)
N1-C2 1.340(5) 1.334(5)
N1-C6 1.341(5) 1.339(5)
N2-C8 1.334(5) 1.347(5)
N2-C12 1.331(5) 1.332(6)
N3-C14 1.336(5) 1.331(5)
N3-C18 1.335(5) 1.327(5)
Cl-Cl 1.531(8) 1.556(8)
C1-C2 1.516(6) 1.522(6)
C1-C18 1.524(6) 1.529(6)
C2-C3 1.388(6) 1.383(6)
C3-C4 1.369(6) 1.374(6)
C4-C5 1.371(6) 1.382(6)
C5-C6 1.368(6) 1.387(6)
C6-C7 1.510(6) 1.497(6)
C7-C8 1.486(6) 1.487(6)
C8-C9 1.390(6) 1.373(6)
C9-C10 1.373(6) 1.357(7)
C10-C11 1.382(6) 1.381(8)
C l1-Cl 2 1.391(6) 1.365(7)
C12-C13 1.486(6) 1.510(6)
C13-C14 1.498(6) 1.493(6)
C14-C15 1.387(6) 1.377(6)
C15-C16 1.380(6) 1.377(7)
C16-C17 1.378(6) 1.379(7)
C17-C18 1.372(6) 1.389(6)
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Table A19. Bond Angles (° )  for 150
Angles Conformer 1 Conformer 2
C1-C1-C2 111.5 5) 110.6 5)
C1-C1-C8 112.1 5) 109.9 5)
C2-C1-C18 108.0 4) 110.6 4)
C2-N1-C6 117.8 4) 118.3 4)
C8-N2-C12 118.2 4) 116.8 5)
C14-N3-C18 118.0 4) 119.2 5)
C2-C1-C18 108.0 4) 110.6 4)
N1-C2-C1 114.5 4) 116.6 5)
N1-C2-C3 121.7 5) 122.0 5)
C1-C2-C3 123.8 5) 121.4 5)
C2-C3-C4 119.1 5) 119.0 5)
C3-C4-C5 119.4 5) 119.9 5)
C4-C5-C6 118.6 5) 117.3 5)
N1-C6-C5 123.0 5) 123.2 5)
N1-C6-C7 116.9 4) 116.5 5)
C5-C6-C7 120.1 5) 120.2 5)
01-07-C6 119.9 5) 120.4 5)
01-C7-C8 121.1 5) 119.9 5)
C6-C7-C8 118.5 4) 119.7 5)
N2-C8-C7 117.1 4) 116.7 5)
N2-C8-C9 122.4 5) 122.5 5)
C7-C8-C9 120.4 5) 120.8 6)
C8-C9-C10 118.9 5) 119.5 6)
C9-C10-C11 119.3 5) 118.9 6)
C10-C11-C12 118.1 5) 118.4 6)
N2-C12-C11 123.0 5) 123.7 6)
N2-C12-C13 116.4 4) 118.1 5)
Cll-C12-C13 120.6 5) 118.2 6)
02-C13-C12 120.8 5) 119.4 6)
02-C13-C14 120.1 5) 121.6 6)
C12-C13-C14 119.0 4) 119.0 5)
N3-C14-C13 116.7 4) 117.0 5)
N3-C14-C15 122.9 4) 122.6 5)
C13-C14-C15 120.4 5) 120.4 5)
C14-C15-C16 117.9 5) 118.6 5)
C15-C16-C17 119.3 5) 118.5 5)
C16-C17-C18 119.0 5) 119.7 5)
N3-C18-C1 115.6 4) 117.4 4)
N3-C18-C17 122.6 5) 121.0 5)
C1-C18-C17 121.6 4) 121.6 5)
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Table A20. Crystal Data and Coordinates of Nonhydrogen Atoms
for 150 (Conformer 1)
CogHpJUL,  MW=600.0, t r i c l i n i c  PI,  a=8 .2009(8),  6=10.0829(12),  
c=T7ToO/6(141A, a=91 .493(8) ,  0T1OO.188(8),  7=95.061(10)° ,
D =1.399gcm , ji(MoKa)=0.88cm’ , R=0.073 f o r  2306 d a t a  having 
I>a ( I ) ,  1°<0<23°, 416 v a r i a b l e s .  Two independent  molecules ly ing  
on c e n t e r s  o f  symmetry.
Atom X y z
01 0 .7055(5) 0 .5882(3) 0.0358(2)
02 0 .6441(5) 0 .1714(4) 0.3367(2)
Ml 0 .6369(5) 0 .2406(4) 0.0224(2)
N2 0.6639(5) 0 .3417(3) 0 .1685(2)
N3 0 .6097(5) 0 .0722(4) 0.1436(2)
Cl 0 .5949(5) 0 .0016(5) 0.0099(3)
C2 0 .6789(6) 0 .1316(5) -0 .0117(3 )
C3 0 .7944(6) 0 .1394(5) -0 .0607(3 )
C4 0 .8679(7) 0 .2617(6) -0 .0740(3)
C5 0 .8294(6) 0 .3732(5) -0 .0372(3 )
C6 0 .7195(6 ) 0 .3580(5) 0.0127(3)
C7 0 .6849(6) 0 .4768(5) 0 .0592(3)
CB 0 .6262(6) 0 .4535(4) 0.1334(3)
C9 0 .5375(6) 0 .5465(5) 0.1641(3)
c i e 0 .4815(6) 0 .5202(5) 0 .2316(3)
Cll 0 .5137(6) 0 .4021(5) 0 .2669(3)
C12 0.6068(6) 0 .3161(5) 0.2333(3)
C13 0 .6442(6) 0 .1871(5) 0 .2682(3)
C14 0.6817(6 ) 0 .0757(4) 0 .2180(3)
C15 0.7903(7 ) -0 .0 1 5 4 (5 ) 0.2483(3)
C16 0 .8280(7) -0 .1 1 1 1 (5 ) 0.1984(3)
C17 0 .7618(6) -0 .1101 (5 ) 0 .1208(3)
CIS 0 .6558(6) -0 .0161 (4 ) 0 .0956(3)
i A20.
Atom
(Cont 'd )
X z
— — — — *“ “ —
01A -B .0365(5) 0.5774(4) 0.2275(2)
02A 0.2300(6) -0 .0359(4 ) 0 .3351(3)
N1A 0.2299(5) 0.5124(4) 0 .3967(2)
N2A 0.1174(5) 0.2879(4) 0.3073(2)
N3A 0.3436(5) 0 .2696(4) 0 .4389(2)
CIA 0.4193(5) 0.4782(5) 0 .5158(2)
C2A 0.2720(6) 0.5432(4) 0 .4722(3)
C3A 0.1841(6) 0.6269(5) 0.5096(3)
C4A 0.0473(6) 0.6778(5) 0.4681(3)
C5A -0 .0036 (6 ) 0 .6416(5) 0 .3907(3)
C6A 0.0911(6) 0.5567(5) 0.3578(3)
C7A 0.0381(6) 0 .5073(5) 0.2755(3)
C8A 0.0807(6) 0 .3743(5) 0.2511(3)
C9A 0.0910(7) 0 .3457(6) 0.1755(3)
C10A. 0.1456(8) 0 .2284(7) 0.1563(3)
C11A 0.1944(8) 0.1424(6) 0.2140(3)
C12A 0.1776(6) 0.1760(5) 0 .2876(3)
C13A 0.2350(7) 0.0831(5) 0.3507(3)
C14A 0.2963(6) 0.1395(5) 0.4309(3)
C15A 0.3038(7) 0.0582(5) 0.4929(3)
C16A 0.3596(7) 0.1143(5) 0.5660(3)
C17A 0.3977(6) 0 .2504(5) 0.5744(3)
C18A 0.3855(6) 0.3264(5) 0.5093(3)
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Table A21. Bond Distances (A) of 151
Atom 1 Atom 2 D i s t a n c e Atom 1 Atom 2 D i s t a n c e
====== ====== IIIIIIIIIIIIIIII ~ £ S> S S S =*==== ========
CL1 C19 1 . 7 4 9 ( 7 ) C4 C5 1 . 3 6 9 ( 8 )
CL2 C19 1 . 7 4 9 ( 6 ) C5 C6 1 . 3 8 2 ( 8 )
CL3 C19 1 . 7 4 5 ( 7 ) C6 C7 1 . 5 0 3 ( 8 )
CL4 C20 1 . 7 2 8 ( 8 ) C7 C8 1 . 4 9 9 ( 8 )
CL5 C20 1 . 6 9 4 ( 9 ) C8 C9 1 . 4 0 1 ( 8 )
CL6 C20 1 . 7 2 3 ( 8 ) C9 CIO 1 . 3 6 7 ( 9 )
01 C7 1 . 2 1 6 ( 7 ) CIO C l l 1 . 3 8 ( 1 )
02 C13 1 . 2 2 0 ( 6 ) C l l C12 1 . 4 0 5 ( 8 )
N1 C2 1 . 3 3 8 ( 6 ) C12 C13 1 . 5 1 2 ( 8 )
N1 C6 1 . 3 4 0 ( 7 ) C13 C14 1 . 4 9 9 ( 7 )
N2 ca 1 . 3 2 6 ( 7 ) C14 C15 1 . 4 0 0 ( 8 )
N2 C12 1 . 3 2 8 ( 7 ) C15 C16 1 . 3 7 5 ( 8 )
N3 C14 1 . 3 3 1 ( 7 ) C16 C17 1 . 3 6 6 ( 8 )
N3 C18 1 . 3 3 0 ( 6 ) C17 CIS 1 . 4 0 7 ( 7 )
C l C l 1 . 3 6 0 ( 7 )
C l C2 1 . 5 0 3 ( 7 )
C l C1B 1 . 4 9 2 ( 7 )
C2 C3 1 . 3 9 9 ( 7 )
C3 C4 1.380(8)
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Table A22 . Bond Angles (°) f o r  151
Atom A. Atom 2 Atom 3 A n g l e
C2 N1 C6 1 1 7 . 7 ( 4 )
C8 N2 C12 1 1 8 . 1 ( 5 )
C14 N3 C18 1 1 9 . 0 ( 4 )
Cl C l C2 1 2 2 . 3 ( 4 )
Cl C l CIS 1 2 2 . 9 ( 4 )
C2 C l C18 1 1 4 . 5 ( 4 )
N1 C2 ' C l 1 1 6 . 4 ( 4 )
N1 C2 C3 1 2 1 . 8 ( 5 )
C l C2 C3 1 2 1 . 5 ( 5 )
C2 C3 C4 1 1 9 . 0 ( 5 )
C3 C4 C5 1 1 9 . 4 ( 5 )
C4 C5 C6 1 1 8 . 2 ( 5 )
N1 C6 C5 1 2 3 . 8 ( 5 )
N1 C6 C7 117.5(4)
C5 C6 C7 1 1 8 . 6 ( 5 )
01 C7 C6 119.8(5)
01 C7 ca 120.2(5)
C6 C7 C8 120.0(5)
N2 C8 C7 117.6(5)
N2 C0 C9 122.4(5)
C7 ca C9 119.9(5)
ca C9 CIO 119.5(6)
C9 CIO C l l 11B.4(6)
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Table A22. (Cont'd)
Atom 1 Atom 2
CIO C l l
N2 C12
N2 C12
C l l C12
02 C13
02 C13
C12 C13
N3 C14
N3 C14
C13 C14
C14 C15
C15 C16
C16 C17
N3 C18
N3 C18
C l CIS
CL1 C19
CL1 C19
CL 2 C19
CL4 C20
CL4 C20
CL 5 C20
Atom 3 A n g l e
C12 1 1 8 . 6 ( 5 )
C l l 1 2 2 . 8 ( 5 )
C13 1 1 7 . 1 ( 5 )
C13 1 2 0 . 1 ( 5 )
C12 1 1 9 . 4 ( 5 )
C14 1 2 0 . 9 ( 5 )
C14 1 1 9 . 6 ( 4 )
C13 1 1 8 . 5 ( 5 )
C15 1 2 3 . 0 ( 5 )
C15 1 1 8 . 4 ( 5 )
C16 1 1 7 . 3 ( 5 )
C17 1 2 0 . 4 ( 5 )
C18 1 1 8 . 8 ( 5 )
C l 1 1 6 . 8 ( 4 )
C17 1 2 1 . 3 ( 5 )
C17 1 2 1 . 8 ( 4 )
CL 2 1 0 9 . 5 ( 3 )
CL 3 1 1 0 . 8 ( 4 )
CL3 1 0 9 . 1 ( 3 )
CL5 1 1 2 . 8 ( 5 )
CL6 1 0 8 . 3 ( 5 )
CL6 1 0 9 . 5 ( 4 )
Table A23. Crystal Data and Coordinates Nonhydrogen Atoms
for 151
C-jcHtqN.O- 4CH,C1,, MW=1076, monoclinic P 2 , / c ,  a=7 .2001^5),  
f c 2 fo !§ 9 l2 f l5 ) ,2cT§9.371(5)A, 0 -94 .439 (8 ) - / d -1.585gcm .
/i(CuKa)=73.34cm’ , R=0.066 f o r  2283 d a t a  havTng I > 3 a ( I ) ,  2 <0<7O 
317 v a r i a b l e s .
Atom X Z z B(f t2 )
CL1 0 . 3 7 2 3 ( 3 ) 0 . 1 2 8 3 ( 2 ) 0 . 6 0 6 5 9 ( 8 ) 6 . 7 2 ( 6 )
CL 2 0 . 3 6 6 5 ( 3 ) 0 . 3 7 1 7 ( 2 ) 0 . 6 4 6 5 6 ( 7 ) 6 . 5 7 ( 5 )
CL3 0 . 4 4 0 1 ( 3 ) 0 . 3 4 6 7 ( 2 ) 0 . 5 5 3 1 5 ( 7 ) 6 . 5 0 ( 5 )
CL4 0 . 5 0 1 8 ( 4 ) 0 . 6 4 8 0 ( 3 ) 0 . 7 5 0 0 ( 1 ) 1 1 . 4 5 ( 9 )
CL5 0 . 5 3 5 4 ( 5 ) 0 . 8 6 1 2 ( 3 ) 0 . 6 9 3 0 ( 1 ) 1 4 . 8 ( 1 )
CL6 0 . 2 3 3 7 ( 5 ) 0 . 6 9 8 5 ( 3 ) 0 . 6 7 8 3 ( 1 ) 1 1 . 6 8 ( 9 )
01 0 . 1 9 2 7 ( 7 ) 1 . 0 6 8 4 ( 4 ) 0 . 4 4 7 2 ( 2 ) 6 . 4 ( 1 )
02 0 . 1 3 0 9 ( 6 ) 0 . 5 9 1 3 ( 4 ) 0 . 2 8 7 6 ( 1 ) 4 . 9 ( 1 )
N1 0 . 0 9 0 2 ( 6 ) 0 . 7 5 3 7 ( 4 ) 0 . 4 6 8 0 ( 1 ) 2 . 6 5 ( 9 )
N2 0 . 1 4 4 7 ( 6 ) 0 . 8 0 0 0 ( 4 ) 0 . 3 7 9 5 ( 1 ) 2 . 9 ( 1 )
N3 0 . 0 7 1 4 ( 6 ) 0 . 5 6 3 9 ( 4 ) 0 . 4 0 5 0 ( 1 ) 2 . 4 9 ( 9 )
C l 0 . 0 4 7 5 ( 7 ) 0 . 5 3 5 4 ( 5 ) 0 . 4 8 5 6 ( 2 ) 2 . 3 ( 1 )
C2 0 . 1 2 3 2 ( 7 ) 0 . 6 6 2 4 ( 5 ) 0 . 4 9 8 7 ( 2 ) 2 . 4 ( 1 )
C3 0 . 2 3 7 5 ( 8 ) 0 . 6 8 1 0 ( 5 ) 0 . 5 3 8 9 ( 2 ) 3 . 3 ( 1 )
C4 0 . 3 1 4 5 ( 9 ) 0 . 7 9 7 5 ( 6 ) 0 . 5 4 7 5 ( 2 ) 4 . 0 ( 1 )
C5 0 . 2 8 7 6 ( 8 ) 0 . 8 8 9 7 ( 5 ) 0 . 5 1 5 4 ( 2 ) 3 . 8 ( 1 )
C6 0 . 1 7 7 1 ( 8 ) 0 . 8 6 3 3 ( 5 ) 0 . 4 7 5 9 ( 2 ) 2 . 9 ( 1 )
C7 0 . 1 6 2 7 ( 8 ) 0 . 9 5 8 8 ( 5 ) 0 . 4 3 8 3 ( 2 ) 3 . 6 ( 1 )
C8 0 . 1 1 5 4 ( 8 ) 0 . 9 1 8 7 ( 5 ) 0 . 3 8 9 9 ( 2 ) 3 . 2 ( 1 )
C9 0 . 0 4 4 8 ( 9 ) 1 . 0 0 5 9 ( 6 ) 0 . 3 5 7 4 ( 2 ) 4 . 6 ( 2 )
Table A23. (Cont'd)
Atom X Z z b ( 8 2 )
CIO - 0 . 0 0 1 7 ( 9 ) 0 . 9 6 7 9 ( 7 ) 0 . 3 1 3 6 ( 2 ) 4 . 9 ( 2 )
C l l 0 . 0 2 0 9 ( 9 ) 0 . 8 4 3 2 ( 6 ) 0 . 3 0 2 9 ( 2 ) 4 . 3 ( 1 )
C12 0 . 0 9 5 3 ( 8 ) 0 . 7 6 2 1 ( 6 ) 0 . 3 3 7 2 ( 2 ) 3 . 2 ( 1 )
C13 0 . 1 1 9 4 ( 8 ) 0 . 6 2 4 8 ( 6 ) 0 . 3 2 7 0 ( 2 ) 3 . 2 ( 1 )
C14 0 . 1 3 7 1 ( 8 ) 0 . 5 3 2 5 ( 5 ) 0 . 3 6 5 5 ( 2 ) 2 . 8 ( 1 )
C15 0 . 2 2 8 0 ( 8 ) 0 . 4 1 9 0 ( 5 ) 0 . 3 5 8 7 ( 2 ) 3 . 2 ( 1 )
C16 0 . 2 5 1 6 ( 8 ) 0 . 3 3 9 1 ( 5 ) 0 . 3 9 5 3 ( 2 ) 3 . 5 ( 1 )
C17 0 . 1 9 5 0 ( 8 ) 0 . 3 7 3 2 ( 5 ) 0 . 4 3 6 9 ( 2 ) 3 . 2 ( 1 )
C1B 0 . 1 0 2 8 ( 7 ) 0 . 4 8 8 3 ( 5 ) 0 . 4 4 0 8 ( 2 ) 2 . 3 ( 1 )
C19 0 . 3 1 5 1 ( 8 ) 0 . 2 8 5 4 ( 6 ) 0 . 5 9 6 6 ( 2 ) 4 . 0 ( 1 )
C20 0 . 3 8 8 ( 1) 0 . 7 6 6 1 ( 8 ) 0 . 7 1 8 9 ( 2 ) 7 . 0 ( 2 )
Table A24. Bond Dis tances (A) f o r  127
Bonds A Bonds A
01-C6 1.396(2) C5-C6 1.508(3
01-C26 1.433(3) C6-C7 1.536(3
02-C6 1.415(2) C7-C8 1.358(3
02-C27 1.421(3) C8-C9 1.398(3
03-C18 1.396(2) C9-C10 1.356(3
03-C29 1.427(3) C10-C11 1.414(3
04-C18 1.413(2) C11-C12 1.419(3
04-C30 1.430(3) C12-C13 1.432(3
Nl-Cl 1.362(3) C12-C28 1.419(3
N1-C5 1.351(3) C13-C14 1.415(3
N2-C7 1.354(3) C14-C15 1.370(3
N2-C11 1.374(3) C15-C16 1.380(3
N3-C13 1.362(3) C16-C17 1.372(3
N3-C17 1.351(3) C17-C18 1.537(3
N4-C19 1.361(3) C18-C19 1.505(3
N4-C23 1.371(3) C19-C20 1.356(3
N5-C25 1.151(3) C20-C21 1.396(3
N6-C28 1.148(3) C21-C22 1.353(3
C1-C2 1.406(3) C22-C23 1.422(3
C1-C24 1.429(3) C23-C24 1.419(3
C2-C3 1.357(3) C24-C25 1.422(3
C3-C4 1.402(3) C26-C27 1.513(3
C4-C5 1.363(3) C29-C30 1.510(3
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Table A25. Bond Angles (° )  for 127
Anales o Anales
a
C6-01-C26 104.56(17) N2-C7-C6 116.47(19)
C6-02-C27 106.56(17) N2-C7-C8 121.54(20)
C18-03-C29 106.08(17) C6-C7-C8 121.91(20)
C18-04-C30 105.15(17) C7-C8-C9 118.63(22)
C1-N1-C5 120.37(20) C8-C9-C10 120.51(22)
C7-N2-C11 121.34(19) C9-C10-C11 120.29(22)
C13-N3-C17 120.15(19) N2-C11-C10 117.70(20)
C19-N4-C23 120.90(19) N2-C11-C12 120.04(20)
N1-C1-C2 118.66(22) C10-C11-C12 122.26(21)
N1-C1-C24 119.36(21) C11-C12-C13 126.81(20)
C2-C1-C24 121.98(21) C11-C12-C28 116.57(21)
C1-C2-C3 120.49(22) C13-C12-C28 116.60(21)
C2-C3-C4 119.98(22) N3-C13-C12 119.77(20)
C3-C4-C5 118.00(22) N3-C13-C14 118.79(21)
N1-C5-C4 122.47(21) C12-C13-C14 121.44(21)
N1-C5-C6 115.75(20) C13-C14-C15 120.02(21)
C4-C5-C6 121.61(21) C14-C15-C16 120.15(22)
01-C6-02 106.62(17) C15-C16-C17 118.43(22)
01-C6-C5 110.94(18) N3-C17-C16 122.46(21)
01-C6-C7 110.98(17) N3-C17-C18 115.88(19)
02-C6-C5 109.46(18) C16-C17-C18 121.51(21)
02-C6-C7 109.19(17) 03-C18-04 106.99(17)
C5-C6-C7 109.59(18) 03-C18-C17 111.37(18)
03-C18-C19 111.04(18) N4-C23-C24 120.18(20)
04-C18-C17 109.63(18) C22-C23-C24 122.40(21)
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Table A25. (Cont'd)
Anales o
04-C18-C19 109.00(18)
C17-C18-C19 108.77(18)
N4-C19-C18 .115.80(19)
N4-C19-C20 121.67(21)
C18-C19-C20 122.25(21)
C19-C20-C21 119.18(22)
C20-C21-C22 119.68(22)
C21-C22-C23 121.03(22)
N4-C23-C22 117.42(21)
Anales 0
C1-C24-C23 126.70(20)
C1-C24-C25 117.14(21)
C23-C24-C25 116.16(21)
N5-C25-C24 178.41(28)
01-C26-C27 103.84(19)
02-C27-C26 105.38(19)
N6-C28-C12 178.37(27)
03-C29-C30 105.33(20)
04-C30-C29 104.99(19)
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Table A26. Crystal Data and Coordinates of Nonhydrogen Atoms
for 127
ConHoofUV 1/2CH9C19 , t r i c l i n i c  P i ,  a - 1 1 . 417(2) ,  b = l l . 556(2),  
c=Tl798z(2)A, a = i 0 4 . 3 6 ( 2 ) , ^=105.58(1 ) ,  7=111.69(1)° ,  Z=2, R=l 
f o r  2661 observed d a t a  (1°<8<30°), MoKa r a d i a t i o n ,  X=0.71073A 
DCM s o lv e n t  molecule i s  d i s o rd e re d .
Atom X V z
01 0 .6673(2 ) 1.2237(2) 0 .3853(1)
02 0.5810(2) 1.1885(2) 0 .4479(2)
03 0.7739(2) 1.2888(2) 8 .1298(2)
04 0 .8 S e i (2 ) 1.3254(2) -8 .8 1 4 4 (2 )
HI 0 .9271(2) 1 .3885(2) 0 .4672(2)
N2 0 .6879(2) 8 .9896(2) 8 .2588(2)
K3 0.7879(2) 1.8423(2) 8 .8781(2)
N4 1.0276(2) 1.3483(2) 8 .2943(2)
H5 1.4159(2) 1.5853(2) 8 .6725(2)
N€ 8 .6888(3) 8 .5882(2) 8 .8239(2)
Cl 1.0599(2) 1.3669(2) 8 .5529(2)
C2 1.0854(3) 1.3892(3) 8 .6799(2)
C3 0 .9794(3) 1.3478(3) 8 .7163(2)
C4 8 .8434(3) 1.2796(3) 0 .6267(2)
C5 0 .8224(2) 1.2574(2) 0 .5041(2)
C6 0 .6885(2) 1.1734(2) 8 .4888(2)
C7 0.6514(2) 1.8256(2) 8 .3473(2)
ce 0.5985(3) 0 .9373(3) 0 .3988(2)
C9 0.5810(3) 0 .8862(3) 0 .3495(3)
CIO 0.6163(3) 0 .7684(2) 0 .2523(2)
C ll 0 .6723(2) 8 .8617(2 ) 0 .2003(2)
C12 8.7106(2) 8 .8266(2) 8 .8985(2)
C13 0.7647(2) 0 .9117(2) 8 .8369(2)
.053
The
Table A26. (Cont'd)
Atom X V z
C14 0 . 793G(3) 0 . 8 6 3 0 ( 2 ) - 0 . 0 6 7 5 ( 2 )
CIS 0 . 6 4 4 1 ( 3 ) 0 . 9 4 6 6 ( 3 ) - 0 . 1 2 5 2 ( 2 )
C16 0 . 8 6 6 7 ( 3 ) 1 .0786(3 ) - 0 . 0 8 1 7 ( 2 )
Cl? 0 . 8 3 7 1 ( 2 ) 1 .1 227(2 ) 0 . 0 1 9 4 (2 )
c ie 0 . 8 6 8 5 ( 2 ) 1 .2 706(2 ) 0 .0 7 8 8 (2 )
C19 1.012 9(2) 1 .3 499(2 ) 0 . 1 7 8 2 (2 )
C20 1 .1 232(3 ) 1 .4 087(2 ) 0 . 1 5 1 7 (2 )
C21 1 .2 553(3 ) 1 .4643(3 ) 0 .2 4 4 2 (3 )
C22 1 .2 713(2 ) 1 .4 619(2 ) 0 . 3 5 9 5 (2 )
C23 1.155 5(2) 1 .4063 (2 ) 0 . 3 8 9 1 (2 )
C24 1 .1 689(2 ) 1 .4111(2 ) 0 . 5 1 1 6 (2 )
C25 1 .3 052(3 ) 1 .4644(2 ) 0 .6 0 1 5 (2 )
C26 0 . 5 2 2 3 ( 3 ) 1 .1760(3 ) 0 .2 4 4 1 (3 )
C2? 0 . 4 7 1 4 ( 3 ) 1 .1679(3 ) 0 . 3 4 7 6 (3 )
C28 0 . 6 9 7 4 ( 3 ) 0 . 6 9 4 6 ( 3 ) 0 .0 5 5 7 (2 )
C29 0 . 6 6 1 2 ( 3 ) 1 .2 658(3 ) 0 .0 285(3 )
C3B 0 . 7 1 6 0 ( 3 ) 1 .2915(3 ) - 0 . 0 6 9 2 ( 3 )
CIS 0.0000 0 .0 5 6 6 0.527 3
Cl 1 0 . 0 4 8 9 ( 3 ) 0 . 0 2 0 3 (3 ) 0 . 3 9 3 5 (3 )
C12 0 .0 840 0.0 293 0.4727
C13 0 .0 273 - 0 . 0 2 9 3 0 .4160
C14 0 .0 547 0.0840 0.4160
CIS 0 .0 000 0.0 273 0 .3 5 9 4
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Table A27. Bond Distances (A) and Angles (° )  for 125
Bonds A Anales o
01-C6 1.212 4) C1-N1-C5 115.5(3
02-C12 1.192 4) C7-N2-C11 117.6(3
03-C18 1.222 4) C13-N3-C17 115.3(3
04-C24 1.216 4) C19-N4-C23 115.5(3
Nl-Cl 1.332 4) N1-C1-C2 125.2(3
N1-C5 1.336 4) N1-C1-C24 115.5(3
N2-C7 1.351 4) C2-C1-C24 119.2(3
N2-C11 1.351 4) C1-C2-C3 117.9(4
N3-C13 1.334 4) C2-C3-C4 118.9(4
N3-C17 1.340 4) C3-C4-C5 118.3(3
N4-C19 1.345 4) N1-C5-C4 124.0(3
N4-C23 1.340 4) N1-C5-C6 115.5(3
C1-C2 1.379 5) C4-C5-C6 120.2(3
C1-C24 1.510 4) 01-C6-C5 120.3(3
C2-C3 1.369 6) 01-C6-C7 120.1(3
C3-C4 1.386 5) C5-C6-C7 119.5(3
C4-C5 1.383 5) N2-C7-C6 115.0(3
C5-C6 1.509 5) N2-C7-C8 121.4(3
C6-C7 1.481 5) C6-C7-C8 123.6(3
C7-C8 1.376 5) C7-C8-C9 121.5(4
C8-C9 1.359 6) C8-C9-C10 117.8(4
C9-C10 1.388 6) C9-C10-C11 119.1(4
C10-C11 1.385 4) N2-C11-CIO 122.6(3
C11-C12 1.504 5) N2-C11-C12 116.3(3
C12-C13 1.508 4) C10-C11-C12 121.0(3
C13-C14 1.386 4) 02-C12-C l1 120.4(3
C14-C15 1.397 5) 02-C12-C13 123.1(3
C15-C16 1.361 5) Cll-Cl2-C13 116.5(3
C16-C17 1.379 4) N3-C13-C12 114.3(3
C17-C18 1.484 4) N3-C13-C14 125.2(3
C18-C19 1.506 4) C12-C13-C14 120.4(3
C19-C20 1.392 4) C13-C14-C15 116.6(3
C20-C21 1.363 5) C14-C15-C16 119.8(3
C21-C22 1.363 5) C15-C16-C17 118.2(3
C22-C23 1.399 4) N3-C17-C16 124.7(3
C23-C24 1.495 4) N3-C17-C18 115.0(3
C16-C17-C18 120.3(3
03-C18-C17 119.9(3
03-C18-C19 120.0(3
C17-C18-C19 120.1(3
N4-C19-C18 115.2(3
N4-C19-C20 124.0(3
C18-C19-C20 120.8(3
C19-C20-C21 118.7(3
C20-C21-C22 119.2(3
C21-C22-C23 118.9(4
N4-C23-C22 123.6(3
240
Table A27. (Cont 'd )
Angles °
N4-C23-C24 114.6(3)
C22-C23-C24 121.8(3)
04-C24-C1 119.5(3)
04-C24-C23 120.3(3)
C1-C24-C23 120.2(3)
Table A28. Crystal Data and Coordinates of Nonhydrogen Atoms
for 125
C9/lH19N.O., monocl inic space group P 2 , / c ,  a=15.932(1) ,
6=11:2384(5),  c = l 1 -8585(7)A, 0=110.226(6)°,  Z=4, R=0.060 f o r  2844 
observed d a t a  (2°<0<67°),  CuKa r a d i a t i o n ,  A=1.54184A.
Atom X y z Beq
01 0 . 5 4 3 3 9 ( 2 ) - 0 . 0 3 6 6 0 ( 6 ) 0 . 3 3 5 8 ( 2 ) 7 . 0 5 ( 5 )
02 0 . 2 6 8 9 ( 2 ) - 0 . 5 1 2 4 8 ( 6 ) 0 . 2 8 3 2 ( 3 ) 7 . 8 7 ( 6 )
03 - 0 . 0 3 7 3 5 ( 2 ) - 0 . 2 1 1 6 6 ( 6 ) - 0 . 0 5 8 6 ( 2 ) 5 . 4 4 ( 4 )
04 0 . 1 9 5 2 ( 2 ) 0 . 1 6 1 9 8 ( 7 ) 0 . 4 0 6 5 ( 2 ) 6 . 9 8 ( 4 )
N1 0 . 3 2 2 8 ( 1 ) 0 . 0 1 6 0 0 ( 3 ) 0 . 3 0 9 6 ( 2 ) 3 . 7 3 ( 4 )
N2 0 . 3 7 9 8 4 ( 4 ) - 0 . 2 3 8 9 0 ( 4 ) 0 . 3 0 4 5 ( 2 ) 3 . 5 5 ( 4 )
N3 0 . 1 6 4 1 5 ( 2 ) - 0 . 2 9 7 1 3 ( 8 ) 0 . 1 3 6 2 ( 2 ) 3 . 5 5 ( 3 )
N4 0 . 1 0 4 8 9 ( 1 ) - 0 . 0 4 7 1 ( 2 ) 0 . 1 7 7 7 ( 1 ) 3 . 5 3 ( 4 )
Cl 0 . 2 5 8 8 5 ( 1 ) 0 . 0 9 6 9 4 ( 6 ) 0 . 2 6 4 8 ( 1 ) 3 . 7 9 ( 4 )
C2 0 . 2 5 7 3 6 ( 2 ) 0 . 1 8 0 8 ( 2 ) 0 . 1 7 9 3 ( 2 ) 5 . 8 4 ( 5 )
C3 0 . 3 2 8 6 9 ( 1 ) 0 . 1 8 5 1 ( 3 ) 0 . 1 4 0 1 ( 1 ) 6 . 0 5 ( 7 )
C4 0 . 3 9 8 9 ( 2 ) 0 . 1 0 6 2 5 ( 3 ) 0 . 1 8 8 5 ( 3 ) 4 . 9 0 ( 5 )
C5 0 . 3 9 1 4 7 ( 1 ) 0 . 0 2 2 1 1 ( 8 ) 0 . 2 6 9 6 ( 1 ) 3 . 7 5 ( 6 )
C6 0 . 4 6 7 8 2 ( 2 ) - 0 . 0 6 2 1 ( 3 ) 0 . 3 2 8 7 ( 2 ) 4 . 6 6 ( 4 )
C7 0 . 4 4 9 8 1 ( 1 ) - 0 . 1 7 6 4 ( 1 ) 0 . 3 7 8 2 5 ( 9 ) 3 . 7 3 ( 4 )
ca 0 . 4 9 9 7 5 ( 1 ) - 0 . 2 1 8 2 ( 3 ) 0 . 4 9 0 5 ( 1 ) 5 . 3 1 ( 7 )
C9
CIO
C l l
C12
0 . 4 8 1 3 ( 1 )
0 . 4 0 9 4 1 ( 3 )
0 . 3 6 2 3 2 ( 2 )
0 . 2 8 6 7 5 ( 1 )
- 0 . 3 2 4 3 ( 2 )
- 0 . 3 8 9 2 1 ( 8 )
- 0 . 3 4 5 9 0 ( 4 )
- 0 . 4 1 5 7 7 ( 8 )
0 . 5 3 1 7 ( 3 )
0 . 4 5 7 1 ( 2 )
0 . 3 4 3 3 ( 2 )
0 . 2 5 7 1 ( 1 )
6 . 6 5 ( 5 )
5 . 3 0 ( 6 )
3 . 9 1 ( 4 )
4 . 2 1 ( 4 )
Table A28. (Cont'd)
A toa X y z Beq
C13 0 . 2 3 6 9 1 ( 2 ) - 0 . 3 5 7 2 ( 1 ) 0 . 1 3 8 3 ( 2 ) 3 . 5 7 ( 4 )
C14 0 . 2 6 6 8 6 ( 4 ) - 0 . 3 6 8 9 2 ( 3 ) 0 . 0 4 2 1 ( 2 ) 4 . 3 2 ( 7 )
C15 0 . 2 1 4 8 2 ( 1 ) - 0 . 3 1 5 5 ( 2 ) - 0 . 0 6 5 8 ( 1 ) 4 . 2 6 ( 4 )
C16 0 . 1 3 9 5 6 ( 8 ) - 0 . 2 5 4 6 2 ( 4 ) - 0 . 0 7 1 8 ( 2 ) 4 . 0 0 ( 6 )
C17 0 . 1 1 6 4 ( 2 ) - 0 . 2 4 9 3 2 ( 2 ) 0 . 0 2 9 8 ( 2 ) 3 . 3 8 ( 6 )
C18 0 . 0 3 1 5 2 (2 ) - 0 . 1 9 1 6 ( 2 ) 0 . 0 2 5 5 ( 2 ) 4 . 0 4 ( 4 )
C19 0 . 0 2 9 8 ( 2 ) - 0 . 1 1 0 5 6 ( 2 ) 0 . 1 2 5 8 ( 3 ) 3 . 6 2 ( 4 )
C20 - 0 . 0 4 5 8 4 ( 3 ) - 0 . 1 0 3 0 9 ( 3 ) 0 . 1 5 8 8 ( 2 ) 4 . 6 3 ( 5 )
C21 - 0 . 0 4 3 1 ( 1 ) - 0 . 0 3 2 1 7 ( 3 ) 0 . 2 5 3 2 ( 3 ) 5 . 2 2 ( 5 )
C22 0 . 0 3 1 1 9 ( 1 ) 0 . 0 3 5 0 ( 2 ) 0 . 3 0 7 2 ( 1 ) 4 . 9 2 ( 5 )
C23 0 . 1 0 3 1 1 ( 2 ) 0 . 0 2 7 2 0 ( 3 ) 0 . 2 6 5 5 ( 2 ) 3 . 6 7 ( 4 )
C24 0 . 1 8 6 4 9 ( 6 ) 0 . 0 9 8 7 3 ( 3 ) 0 . 3 2 0 0 ( 3 ) 4 . 0 8 ( 4 )
Table A29. Bond Distances (A) and Angles (° )  for 178
CU(J)
CL( 1) 
CL(2) 
NCI)
C( 12)
C( 13)
CL(1) 2 .2282 0.0032
CL(2) 2 .2530 0.003 3
NCI) 2 .0334 0.0088
0 ( 1 ) 2 .4 679 0.007 8
N(2) 2 .0220 0.008 0
NC3) 2.3619 0.0098
CL(l ) CL(2) 95.468 0.127
CL(1) N ( l ) 88.988 0 .242
CL(l ) 0 ( 1 ) 105.390 0. 177
CL( 1) N(2) 172.568 0.309
CL(1) N(3) 101.255 0 .233
CL(2) NCI) 175.493 0 .360
CL(2) 0 ( 1 ) 102.468 0 .192
CL(2) N(2) 91.963 0 .253
CL(2) N(3) 102.089 0 .238
N( 1) 0 ( 1 ) 76.900 0 .3 2 4
N ( l ) N(2) 83 .582 0 .325
NCD N(3) 76.308 0 .3 4 6
0 (1 ) N(2) 72.789 0 .303
0 ( 1 ) N(3) 141.503 0.327
N( 2) N(3) 77.189 0 .351
CU(1) 2.2282 0.003 2
CU(1) 2 .2 530 0.003 3
CU(1) 2 .0 3 3 4 0.0088
C( 12) 1 .3507 0.0139
C( 16) 1 .3459 0 .0158
C( 12) C( 16) 119 .693 0 .912
NCl) 1 .3507 0.0139
C( 13) 1 .3755 0 .0153
C(03) 1.5178 0.0179
N( 1) C(13) 121.454 1.111
N( 1) C(03) 120.800 0 .920
C( 13) C(03) 117.730 0.999
C( 12) 1 .3755 0.0 153
H( 13) 1 .0810 0.0162
C(14) 1.3676 0 .0 196
C(12) H( 13) 120 .434 1.360
C( 12) C(14) 119.156 1.079
H( 13) C( 14) 120.410 1.246
244
Table A29. (Cont'd)
C(14)
C( 15)
C( 16)
C(01)
0 ( 1)
C ( l )
C( 13) 
H(14) 
C( 15) 
C( 13) 
CC13) 
H( 14)
C( 14) 
H( 15) 
C( 16) 
C( 14) 
C( 14) 
H( 15)
N ( l )  
C( 15) 
C(01)  
N( 1) 
N( 1) 
C( 15)
C( 16) 
0 ( 1) 
0 ( 2 ) 
C( 2 2 )  
C( 16) 
C( 16) 
C( 16) 
0 ( 1) 
0 ( 1) 
0 ( 2 )
CU(1)
C(01)
C ( l )
C(01)
0 ( 1)
H(1A)
H( IB)
C(2)
0 ( 1)
0 ( 1)
0 ( 1)
H(1A)
H(1A)
H( IB)
1.3676 0.0196
1.0796 0 .0170
1.3696 0.0175
H( 14) 119.817 1.343
C(15) 120.643 1.125
C( 15) 119.540 1.505
1.3696 0.0175
1.0797 0 .0200
1.4132 0.016 3
H( 15) 120.900 1.279
C(16) 118.250 1.241
C( 16) 120.850 1.229
1.3459 0.015 8
1.4132 0 .0 163
1.5311 0 .0144
C( 15) 120.612 0 .975
C(01) 114.516 0 .937
C(01) 124.855 1.119
1.5311 0 .0 144
1.4183 0.015 1
1.4038 0.0159
1.5245 0.0127
0 ( 1 ) 109.709 0 .881
0 ( 2 ) 107.621 0.897
C(22) 110.020 0 .885
0 ( 2 ) 113.355 0 .907
C(22) 103.728 0 .8 7 0
C(22) 112.380 0 .8 9 4
2 .4678 0.0078
1.4183 0 .0 151
1.4604 0.0124
C ( l ) 116.949 0 .8 2 4
1.460 4 0 .0 1 2 4
1.0901 0.0146
1.0771 0 .0 108
1.5109 0 .0 2 1 4
H(1A) 104.712 1.031
H( IB) 119.091 1.078
C(2) 106.376 0 .889
H( IB) 101.962 0 .9 8 2
C(2) 116.242 1.148
C(2) 108.893 1.132
Table
C(2 )
0 ( 2 )
N(2)
C(22)
C(23)
C(24)
C(25)
A29. (Cont'd)
C ( l ) 1.5109 0 .0 214
H(2A) 1.0747 0.0124
H(2B) 1.0999 0 .0 1 1 4
H(2C) 1.0564 0 .0 156
C ( l ) H(2A) 109.896 1.149
C(1) H(2B) 108.089 1.141
CCD H(2C) 109.589 1. 179
H(2A) H(2B) 108.433 1.178
H(2A) H(2C) 111.092 1.245
H(2B) H(2C) 109.684 1.165
C(01) 1.4038 0.0159
H(01) 0.8803 0.0079
H(02) 2.1964 0.008 8
C(01) H(01) 125.368 0 .980
C(01) H(02) 104.783 0.715
H(01) H(02) 50.285 0.457
CU(1) 2.0219 0.0080
C(22) 1.3248 0.0156
C(26) 1.3672 0.0119
C(22) C(26) 118.594 0.887
C(01) 1.5245 0.0127
N(2) 1.3248 0.0156
C(23) 1.3888 0.0165
C(01) N(2) 113.548 0.910
C(01) C(23) 122.061 1.103
N(2) C(23) 124.318 0.914
C(22) 1.3888 0.0165
H(23) 1.0805 0.0207
C(24) 1.3610 0.0157
C(22) H(23) 121.762 1.112
C(22) C(24) 116.433 1.271
H(23) C(24) 121.805 1.265
C(23) 1.3610 0.0157
H(24) 1.0794 0.0161
C(25) 1.3738 0.0212
C(23) H(24) 119.203 1.546
C(23) C(25) 121.694 1.106
H(24) C(25) 119.103 1.268
C(24) 1.3738 0 .0212
H(25) 1.0810 0.0 159
C(26) 1.4007 0 .0164
C(24) H(25) 120.678 1.338
C(24) C(26) 118.724 1.009
H(25) C(26) 120.598 1.519
Table A29. (Cont'd)
C(26)
C(02)
0 ( 3 )  
N( 3)
C( 32)
C(33)
C(34)
C(35)
N(2)
C(25)
C(02)
N(2)
N(2)
C(25)
C(26) 
0 ( 3 )  
C( 32) 
C(26) 
0 (2 6 )  
0 ( 3 )
C(02)
CU(1)
C(32)
0 ( 3 6 )
0 ( 3 2 )
C(02)
N(3)
C(33)
C(02)
C(02)
N(3)
C(32)
H(33)
0 (3 4 )
0 ( 3 2 )
C(32)
H(33)
0 ( 3 3 )
H(34)
0 (3 5 )
C(33)
C(33)
H(34)
C(34)
H(35)
C(36)
C(34)
0 (3 4 )
H(35)
0 (2 5 )
C(02)
C(02)
0 ( 3 )
C(32)
C(32)
0 ( 3 6 )
N(3)
C(33)
C(33)
H(33)
0 (3 4 )
0 ( 3 4 )
H(34)
0 ( 3 5 )
0 (3 5 )
H(35)
0 (3 6 )
0 (3 6 )
1 .3672
1.4007
1.5267 
119.872 
119.923 
120.203
1.5267
1.2269
1.4925
118.196 
120.950 
120.665
1.2269
2 .3 6 1 8
1.3500 
1 .3410
118.197
1.4925
1.350 0
1.363 8  
1 1 6 . I l l  
121.180 
122.708
1.3638  
1 .0795
1.3803 
119.997 
119.990 
120 .014
1.3803  
1 .0812
1.4123 
120.965 
118.109 
120.927
1.412 3  
1 .079 4  
1 .3879
120.911
118.295
120.795
0.0119 
0 .0164 
0 .0186  
1.139 
0 .943 
0 .942
0.0186 
0 . 0 1 2 0  
0.0151 
1.001  
0.866  
1 .163
0.0120
0 .0098
0.012 0
0.012 9
1.012
0.0151
0.012 0
0.017 8
1.041
0 .871
0 .932
0 .0 178
0.014 2
0.0155
1.174
0 .968
1.357
0.015 5 
0 .0192  « 
0 .0147 
1 .126 
1 .177 
1 .131
0.0147
0 .0140
0 .0173
1.301
0 .936
1.102
Table
C(36)
C(03)
0 ( 4 )
0 ( 5 )
0 ( 5 )
A29. (Cont'd)
N(3)
C( 35)
C(03)
N(3) 0(3 5 )
N(3) C(03)
0 ( 3 5 ) C( 03)
0 (1 2 )
0 ( 3 6 )
0 ( 4 )
0 ( 1 2 ) C( 36)
0 (1 2 ) 0 ( 4 )
0 (3 6 ) 0 ( 4 )
C(03)
0 ( 5 )
H(02)
H(01)
H(02) 0 ( 5 )
H(01) 0 ( 5 )
H(01) H(02)
0 ( 5 )
H(5A)
H(5B)
H(5C)
H(5D)
C(6A)
C(6B)
0 ( 5 ) H(5A)
0 ( 5 ) H(5B)
0 (5 ) H(5C)
0 ( 5 ) H(5D)
0 ( 5 ) C(6A)
0 ( 5 ) C(6B)
H(5A) H(5B)
H(5A) C(6A)
H(5B) C(6A)
H(5C) H(5D)
H(5C) C(6B)
H(5D) C(6B)
0 ( 5 ) C(6B)
C(6A) C(6B)
1.3410 0.0129
1.3879 0.0173
1.5101 0 .0134
122.675 0 .871
116.955 1.019
120.327 0 .885
1.5178 0.0179
1.5101 0 .0134
1.2041 0.0127
119.599 0 .862
120.090 0 .916
119.955 1.109
1.2041 0.0127
1.5042 0.008 9
1.0800 0 .0114
2.240 9 0.009 5
109.468 0 .897
144.346 0 .669
50 .797 0 .4 0 3
1.5042 0.0068
1.0803 0.000 1
1.0804 0 .0 001
1.0784 0 .0 001
1.0800 0 .0 001
0.992 2 0.000 1
1.5945 0 .0 002
109.396 0 .407
109.440 0 .4 6 8
109.203 0 .405
109.232 0 .4 0 4
109.767 0 .405
110.395 0 .467
109.387 0 .005
109.409 0 .0 1 2
109.428 0 .0 0 8
109.470 0 .011
109.274 0 .012
109.252 0 .005
110.395 0 .467
111.827 0 .0 2 0
Table A29. (Cont'd)
C(6A)
C(6B)
CC5)
H(6A)
H(6B)
H(6C)
C(5)
C(5)
C(5)
H(6A)
H(6A)
H(6B)
C(5)
H(6D)
H(6E)
H(6F)
C(5)
C(5)
C(5)
H(6D)
H(6D)
H(6E)
0.9922 0.0001
1.0800 0.0002
1.0802 0.0001
1.0800 0.0001
H(6A) 109.436 0 .013
H(6B) 109.476 0.015
H(6C) 109.500 0.005
H(6B) 109.491 0 .012
H(6C) 109.499 0.011
H(6C) 109.426 0.015
1.5945 0.0002
1.0805 0.0002
1.0811 0.0001
1.0800 0.0001
H(6D) 109.486 0.011
H(6E) 109.488 0.008
H(6F) 109.437 0 .013
H(6E) 109.425 0 .0 1 2
H(6F) 109.464 0 .0 1 2
H(6F) 109.529 0 .012
CVJII
Table A30. Crystal Data and Coordinates of Nonhydrogen Atoms
for 178
oHo i M eCuC I , ,  MW=541.84 ,  monoclin ic  P2./C,  a= 9 .2 9 4 ( 5 ) , ,
_ z 8 7 u l4 (o ) , c=9.799(3)A, 0=114.4 8 ( 4 ) 8, Z±4, D =1.549gcm ,
/i(MoKa)=11.32cm , R=0.0846 f o r  2257 observed d a t a  (o f  4150 unique 
d a t a ) ,  r < 0 < 2 5 8, 284 v a r i a b l e s .
ATOM X Y Z U
CU(1) 1 9 7 7 . 7 ( 1 4 ) 1211.5 5) - 9 6 . 4 ( 1 2 ) 3 7 .2 5)  *
CL( 1) 4 6 1 1 . 3 ( 3 1 ) 1189.3 12) 9 0 9 .9 ( 3 2 ) 6 0 .2 13) *
CL(2) 1 7 1 4 . 8 (3 6 ) 1452.0 12) - 2 3 8 2 . 0 ( 2 8 ) 6 0 . 4 13) *
N( 1) 2 0 2 8(9 ) 988 (4 1897(8) 40 (3 *
C(12) 2812(1 2) 600(4 2665(10) 4 1 (4 *
C( 13) 2 987(1 3) 513(5 4107(11) 51(5 *
C(14) 2 306 (1 5 ) 818(5 47 57(12 ) 59(5 ★
C( 15) 1427 (14) 1199(5 3974(11) 58(5 *
C( 16) 1299 (12) 1279(4 2504(11) 46 (4 ★
C(01) 3 2 9 (1 2 ) 1679(4 1465(11) 46(5 *
0 ( 1 ) 129 2(8) 1940(3 9 23(7 ) 46 (3 *
C ( l ) 2628 (1 4 ) 2200(5 2030(12) 61(5 *
C(2) 3330 (1 5 ) 2491(5 1157(14) 71(6 *
0 ( 2 ) - 2 9 8 ( 9 ) 1960(3 2274(9) 70(4 *
N(2) - 3 9 0 ( 9 ) 1206(3 -7 4 5 ( 8 ) 39(3 *
C(22) - 9 5 3 ( 1 2 ) 1467(4 51(11) 4 3(4 *
C(23) - 2 5 5 1 ( 1 3 ) 1528(5 - 302( 14) 57(5 *
C(24) - 3 5 7 9 ( 1 3 ) 1316(5 -158 6 ( 1 4 ) 6 4(6 *
C(25) - 3 0 6 2 ( 1 3 ) 1038(5 -2448 (14) 64(6 *
C(26) - 1 4 3 4 ( 1 2 ) 966(4 - 1970(11) 4 4(5 *
C(02) - 8 2 3 ( 1 4 ) 617(4 - 2804(12) 52 (5 *
0 ( 3 ) - 1 5 7 7 ( 1 0 ) 574 (3 - 4 1 6 3 ( 8 ) 74(4 *
N(3) 1 352 (10) 392(4 -4 9 1 ( 9 ) 4 7 (4 *
C(32) 5 7 5 ( 1 2 ) 307 (4 -1 97 6 (1 1 ) 43 (5 *
C(33) 101 9(13) - 4 2 ( 4 - 2 6 9 2 (1 2 ) 49(5 *
C(34) 231 3 (1 4 ) -3 2 5 ( 4 -1 89 7 (1 3 ) 57(5 *
C(35) 316 0 (1 2 ) -2 3 5 ( 4 -3 4 9(12) 47 (5 *
C(36) 2619(1 2) 123(4 299(11) 4 0 (4 *
C(03) 349 7 (1 3 ) 238 (4 1945(11) 45 (5 *
0 ( 4 ) 4 6 5 4 (9 ) 12(3 2708(8) 63 (4 *
0 ( 5 ) - 1 1 9 3 ( 1 2 ) 2823 (4 1469(10) 103(5 *
C(5) -2014 3018 -76 199(1 )
C(6A) -2044 2771 -813 270 (2 2)
C(6B) -3741 3202 -369 270 (2 2)
* EQUIVALENT ISOTROPIC TEMPERATURE FACTOR
INTERNATIONAL TABLES FOR X-RAY CRYSTALLOGRAPHY, VOL. A, 316.
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